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Abstract

Osteoarthritis (OA), a degenerative joint condition, affects entire joints, including the tissues around it, causing pain, swell-
ing and stiffness. This study explored the combined therapeutic effects of metformin and pravastatin on knee OA induced by
monosodium iodoacetate (MIA) in rats. The study encompassed five animal groups (n=10 per group) which were allocated
as follows: group 1 received 100 pL of sterile saline injected intra-articularly into the left knee joint (control group) while
groups 2-5 were injected with 2 mg MIA in 100uL normal saline into the intraarticular space. After 2 weeks, group 3 received
oral metformin (100 mg/kg) for 2 weeks, group 4 received oral pravastatin (10 mg/kg) for 2 weeks and group 5 received
both metformin 100 mg/kg and pravastatin 10 mg/kg orally for 2 weeks. The combination of metformin and pravastatin
showed to be the most effective in terms of improving radiologic and histologic findings in knee OA. This combination also
reduced both serum C reactive protein (CRP) and cartilage oligomeric matrix protein (COMP), while increasing serum col-
lagen type II (COL2). Combining metformin and pravastatin also reduced AKT1, PI3K, STAT3 and IL-6 in the knee joint
homogenate. TREM-1 levels showed the greatest reduction with the combination therapy. Furthermore, improvement was
noted in oxidative stress markers with an increase in non-protein thiols and a decrease in malondialdehyde. In conclusion,
the current study shows a therapeutic potential effect of combining metformin and pravastatin in OA, which could be partly
attributed to TREM-1 signaling pathway.
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Introduction

Previously, OA used to be thought of as a mere “wear and
tear” condition and was often incorrectly referred to as a
degenerative disease that affects joints. Nevertheless, the
development of OA is far more intricate than simple wear,
encompassing an inflammatory process (Lane et al. 2011;
van den Bosch et al. 2020). Numerous elements, such as
proteases, pro-inflammatory mediators, and biomechanical
variables, are crucial to the pathophysiology of OA.
Research indicates that tissue injury can trigger the
innate immune response, which is linked to OA (Liu-
Bryan and Terkeltaub 2012; van den Bosch et al. 2020).
Noteworthy, following enough matrix damage, the artic-
ular cartilage does not show an appropriate reaction for
healing thus making the damage irreversible possibly due
to its avascular nature. Furthermore, collagen, proteogly-
cans, fibronectin, cartilage oligomeric protein (COMP),
fibromodulin, and other matrix protein fragments are liber-
ated from the broken matrix (Sofat 2009). These fragments
trigger the innate immunity response and further encour-
age the activation of degradative pathways by activating
integrins and toll-like receptors (TLRs) (Klesney-Tait et al.

@ Springer

2006; Loeser et al. 2012) further contributing to a feedfor-
ward ongoing articular damage.

During tissue damage, when it comes to identifying inva-
sive infections or alerting the host, cells of innate immunity
are essential. The function of TLRs, a family of pattern rec-
ognition receptors, in innate immunity in both infectious
as well as non-infectious disorders is widely recognized. It
has been reported that the triggering receptors expressed on
myeloid cells (TREMs), a different family of innate immune
receptors, interact with TLRs to affect how much of an
inflammatory response occurs (Klesney-Tait et al. 2006; Arts
et al. 2013). The TREM-family comprises both the TREM-1
and 2 receptors where TREM-1, is known to cause and
intensify inflammation when it is activated particularly in
concert with TLR signaling. Notably, TREM-1exists in two
different forms; a soluble protein and a membrane-bound
receptor. Membrane TREM-1 is composed of three distinct
domains: a trans-membrane portion, an Ig-like structure that
is mostly involved in ligand binding and a cytoplasmic tail
that binds to the adaptor molecule tyrosine kinase-binding
(TYRO) protein (Colonna 2003). On the other hand, activa-
tion of the TREM-2 receptor subtype inhibits the inflamma-
tory response (Sigalov 2022).
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Noteworthy, granulocytes and monocytes/macrophages
myeloid cells heavily express TREM-1. Moreover, ongoing
studies, reveal that TREM-1 is also found on parenchymal
cells, including those of the lungs, cornea, stomach, and
liver during inflammation (Schmaufer et al. 2008; Chen
et al. 2008; Rigo et al. 2012). Following the activation of
the membrane-bound TREM-1 by various ligands, includ-
ing bacterial components and damage-associated molecular
patterns (DAMPs), TREM-1 associates with the trans-mem-
brane adaptor protein DAP12.This leads to the phosphoryla-
tion of DAP12 and the activation of downstream signaling
molecules such as spleen tyrosine kinase (SYK), phospholi-
pase-C-gamma (PLCy), phosphotylinosital 3 kinase (PI3K),
and mitogen-activated protein kinase (MAPK) (Tessarz and
Cerwenka 2008).The activation of these signaling molecules
cause the actin cytoskeleton to reorganize, Ca2 + to mobi-
lize, and transcription factors like nuclear factor of activated
T-cells (NFAT), activator protein 1 (AP1), and nuclear factor
kappa B (NF-kB) to become active. These transcription fac-
tors then go on to transcribe the genes producing pro-inflam-
matory cytokines, chemokines, and cell-surface chemicals.
The resultant effect is enhanced inflammatory milieu as well
as the migration of neutrophils and macrophages to the site
of infection or injury.

Interestingly, in inflammatory conditions, research has
demonstrated that adenosine monophosphate-activated pro-
tein kinase (AMPK) activity can prevent cartilage matrix
breakdown. Noteworthy, in OA, AMPK activity is generally
decreased. This reduction in AMPK activity is associated
with several pathologic changes in OA, including impaired
mitochondrial function, increased oxidative stress, and
inflammation in joint tissues. These abnormalities contrib-
ute to cartilage degradation and joint pain. AMPK deficiency
accelerates the development of OA (Terkeltaub et al. 2011;
Petursson et al. 2013; Zhou et al. 2017), as demonstrated in
a number of inflammatory conditions.

This finding greatly corroborates the utility of met-
formin in OA due to its ability to activate the nutrient sen-
sor 5’ adenosine monophosphate-activated protein kinase
(AMPK). Of note, Nerstedt et al. highlighted the possible
role of AMPK in inhibiting STAT3, using metformin, and
hence regulating the inflammatory response induced by the
cytokine IL-6 in human liver cells (Nerstedt et al. 2010).

Several studies highlighted the beneficial effect of met-
formin in preventing OA development (Baker et al. 2023;
Wang et al. 2024). Other studies explored its role in the treat-
ment of the disease. When individuals who have both type
IT diabetes and OA used either a combination of metformin
plus COX-2 inhibitors versus inhibitors of COX-2 alone,
the joint replacement rate was lower with the combination
than with COX-2 inhibitors alone. Likewise, patients having
radiographic evidence of knee OA along with obesity who
took metformin showed less cartilage volume loss than those

who did not (Lu et al. 2018; Wang et al. 2019). Metformin,
primarily recognized for its ability to reduce blood sugar
levels by activating AMPK, also demonstrated additional
potential in slowing the advancement of osteoarthritis. This
is attributed to its anti-inflammatory characteristics and its
possible role in maintaining cartilage health (Halabitska
et al. 2024).

Likewise, the utility of statins in management of OA has
proposed through as inhibiting the HMG-CoA reductase
and impacting the mevalonate pathway. Pahan et al. dem-
onstrated that mevalonate metabolites were involved in the
induction of inflammatory mediators and that HMG-CoA
reductase inhibitors reduced the induction of inflammatory
mediators (IL-6, IL-1p, TNF-a and iNOS) (Pahan et al.
1997). Noteworthy, cell culture studies of the chondrocytes
provide evidence of the statins’ potential as anti- inflamma-
tory agents in a dose-dependent manner, an effect that was
reversed by the addition of mevalonate confirming the impli-
cation of the HMG-CoA reductase activity. In addition, a
reduction was noted in the level of inflammatory cells found
in the synovial membrane and reduced monocyte chemot-
actic protein-1 (MCP-1) expression by the synovial tissue.
Furthermore, some studies reported that statins can inhibit
the activity of TREM-1 and its myeloid cells expression (Liu
et al. 2017; Wang et al. 2018; Dai et al. 2019). According
to one study, pravastatin prevented peripheral blood mono-
nuclear cells (PBMCs) activated with lipopolysaccharide
from expressing TREM-1 and releasing sSTREM-1 (Dai et al.
2019). In addition, it decreased TNF-a and IL-6 production
in supernatants of cell culture. The authors concluded that
such effects could be attributed to interference in NF-kB
signaling. Pravastatin improved hyperlipidemic mice’s ath-
erosclerosis by decreasing inflammatory cells in atheroscle-
rotic plaques along with lipid deposits (Wang et al. 2018).
Furthermore, TNF-a, IL-1, DAP12 and TREM-1 expression
were all reduced with pravastatin administration.

Despite the presence of recent reports that document the
positive effect of metformin or statin on OA, no previous
studies explored the consequence of combining metformin
and statins on the disease. To this end, the present study was
carried out to explore the potential therapeutic effects of
combining metformin and pravastatin on knee OA through
modulating TREM-1 signaling pathway.

Material and methods

Drugs and chemicals

Monosodium iodoacetate (MIA) was obtained from Sigma-
Aldrich, Inc. (MO, USA) while metformin and pravastatin,

were obtained from CID Co. (Cairo, Egypt) and HI PHARM
(Cairo, Egypt), respectively. Both drugs were supplied in a
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powder form and normal saline was used as a solvent. Thio-
pental used for anesthesia was supplied by EIPICO (Tenth
of Ramadan City, Egypt).

Establishment of a rat OA model

The Institutional Animal Care and Use Committee of Cairo
University (Permit number: PT3026) accepted the study,
which followed the Guide for Care and Use of Laboratory
Animals provided by the US National Institutes of Health
(NIH Publication No. 85-23, revised 2011). In-house bred
adult 50 male albino Sprague Dawley rats weighing 150-200
g from the Faculty of Pharmacy, Cairo University animal
house were used. Within the animal facility associated with
the Faculty of Pharmacy, rats were housed under constant
temperature (~20-23 °C) and humidity (~50%) with a 12h
light/dark cycle. They had unrestricted access to water and
were given standard rodent chow for food.

They were randomly allocated into five groups each com-
posed of ten rats. After anesthesia with thiopental, the con-
trol group received 50 pl of sterile saline via intraarticular
injection into the knee joint. The other groups were given
2 mg of MIA in 50-pl normal saline by injection into the
intraarticular knee joint space to induce OA. After 14 days of
MIA injection, one group served as a positive control group,
a second group received metformin 100-mg/kg orally for
14 days (Na et al. 2021), a third group received pravastatin
10-mg/kg/day orally for 14 days (Liang et al. 2022) and a
fourth group received both 100 mg/kg of metformin and
10 mg/kg of pravastatin orally for 14 days.

Radiological assessment

After anesthesia using ketamine (50 mg/kg)/xylazine (2 mg/
kg) mixture, the hind limbs of each rat were straightened by
an adhesive tape (Saber et al. 2023). Fisher® X-ray device
(Fisher R183, Emerald tube 125) was used for imaging the
left stifle joint at the lateromedial and craniocaudal views.

Enzyme-linked immunosorbent assay (ELISA)

Serum samples preparation involved allowing samples to
clot at room temperature for 20 min before being centrifu-
gated for 10 min at approximately 3000 rpm. The serum
samples were then stored for later use at — 80 °C. To thor-
oughly remove excess blood, ice-cold PBS was used to rinse
the tissue collected after being minced into small pieces.
Using a glass homogenizer on ice, tissue pieces were
homogenized in PBS after being weighed. The homogen-
ates were then centrifuged for 5 min at 5000 X g to get the
supernatant. The serum/ tissue homogenate samples or
standards were added to the microplate that has been coated
with an antibody specific to the protein of interest. Standards
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or samples, a biotin-conjugated detection antibody and an
avidin-horseradish peroxidase (HRP) conjugate were then
added sequentially with washing excess away. Next, a sub-
strate solution was added that reacts with the HRP enzyme
producing a change in color or light development. At a wave-
length of 450 nm + 10 nm, a microplate reader was used to
measure the optical density.

Collagen Type II (COL2) (Cat. # MBS2702065, MyBio-
Source, Inc., CA, USA), Cartilage oligomeric matrix pro-
tein (COMP) (Cat. # MBS267386, MyBioSource, Inc., CA,
USA) and C reactive protein (CRP) (Cat. # SCA821Ra,
CLOUD-CLONE CORP., TX, USA) were detected in serum
samples using ELISA kits as per the instructions of the man-
ufacturer. Thermo Scientific Pierce BCA Protein Assay Kit
(Cat. # 23,225 and 23,227, Thermo Fisher Scientific Inc.,
Massachusetts, USA) was used to detect and quantify total
protein colorimetrically. Protein kinase B (AKT1) (Cat. #
LS-F49321, LifeSpan BioSciences, Inc., MA, USA), phos-
photylinosital 3 kinase (PI3K) (Cat. # MBS260381, MyBi-
oSource, Inc., CA, USA), signal transducer and activator
of transcription 3 (STAT3) (Cat. # MBS2515874, MyBi-
oSource, Inc., CA, USA) and interleukin-6 (IL-6) (Cat. #
SEA079Ra, CLOUD-CLONE CORP., TX, USA) were
detected in tissue homogenates using ELISA Kkits as per the
instructions of the manufacturer.

Quantitative real-time polymerase chain reaction
(qRT-PCR)

A Total RNA isolation kit (GeneDireX, Inc., Taoyuan City,
Taiwan) was used to extract total RNA form the frozen
serum samples according to the protocol of the manufac-
turer. Yield and quality of extracted RNA were assessed
using the Qubit™ RNA HS Assay kit (Invitrogen Inc., CA,
USA). cDNA was synthesized using 1 pg of total RNA
using the SuperScript VILO cDNA synthesis kit (Cat. #
11,754-050, Life Technologies, CA, USA) as per the man-
ufacturer’s instructions. Using three technical replicates,
gPCR assay was carried out. Using SYBR green PCR master
mix (Qiagen), amplification was done in a total volume 20 pl
as follows: 10-pl 2X SYBR mix, 10-ng cDNA and 300 nM
of forward and reverse primers for the targets genes (TREM-
1) (Forward AGGAAGGCTTGGCAGAGGC and Reverse
ACAGGGTCGTTCGGAGGAT). Relative transcript levels
of TREM-1 were calculated according to 2-AAct method
(Schmittgen and Livak 2008) with B-Actin used as a ref-
erence gene (Forward CTATCGGCAATGAGCGGTTCC
and Reverse TGTGTTGGCATAGAGGTCTTTACG). We
repeated the experiments three times, and the three inde-
pendent biologic replicates were used to calculate the mean
values and standard errors. Using paired student’s t test, the
significance of differences between data sets was evaluated.
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Colorimetric assay

In tissue homogenates, the oxidative stress markers thiobar-
bituric acid derivative (TBARS) measured as malondialde-
hyde (MDA) and non-protein thiols (NPSH) were estimated
(Bio-diagnostic, Giza, Egypt). After tissue homogenization
and centrifugation, the supernatant was removed for assay
and stored on ice. MDA, a lipid peroxidation measurement,
was estimated based on its reaction in an acidic medium with
thiobarbituric acid at 95°C for 30 min to produce a resultant
pink product, the absorbance of which can be measured at
534 nm. NPSH were estimated based on the reduction of
5,5' dithiobis (2-nitrobenzoic acid) to form a yellow product
whose absorbance, when measured at 405 nm, is directly
proportional to NPSH concentration.

Histopathological examination

Knee joints were collected, at the end of the experiment,
from each group. Ten% formalin solution and decalcifying
solution-lite (Sigma-Aldrich Inc., MO, USA) were used for
fixing and decalcifying the tissues, respectively. The tissues
were embedded in paraffin. After being cut, xylene was used
to dewax 4- to 5-pm thick sections which were dehydrated
through an alcohol gradient. Finally, hematoxylin and eosin
(H&E) and safranin O were used to stain these sections.
Semiquantitative grading was used to score histopathologi-
cal changes. The grading included five scores as follows: 4,
severe synovitis and erosion with loss of normal joint archi-
tecture; 3, moderate synovitis and erosion with a change in
joint architecture; 2, synovitis with some marginal erosion
but with maintained joint architecture; 1, minimal synovitis
without cartilage/bone erosion and 0, normal.

Statistical analysis

Data are presented as means + SD. GraphPad Prism 9.0.0
software was used to perform statistical analysis. One-way
analysis of variance (ANOVA) was used to perform statisti-
cal comparisons, and, for all tests, the statistical significance
level was set as p < 0.05.

Results

Table 1 represents radiographic scores assigned to each
group based on joint space radiodensity, osteophytic reac-
tivity and bone changes. Joint space radiodensity showed
the lowest score in both the control and the combination
(metformin + pravastatin) groups with the highest score
seen in the MIA group. Similarly, osteophytic reactiv-
ity and bone changes were absent in the control group,
extreme in the MIA group, and showed the lowest score
with the combination treatment. The pravastatin group
showed overall lower scores than the metformin group.

Radiographic assessment

Radiologically the control group showed slight joint effu-
sion, neither reduction nor increase were seen in joint
space radiodensity and the femoral condyles and tibia
showed no radiographic abnormalities; Fig. 1A.

MIA injection showed joint capsule effusion and thick-
ening with narrowing and increase in joint space radi-
odensity. The femoral condyles and tibial surface showed
obvious osteo-reactivity and articular surface radiographic
changes; Fig. 1B.

Metformin treatment showed slight joint capsule radi-
ographic changes with moderate increase in joint space
radiodensity, moderate narrowing and slight to moderate
osteo-reactivity appearing at articular surfaces of femur
and tibia in anteroposterior (AP) view; Fig. 1C. Pravas-
tatin treatment showed joint capsule effusion with slight
increase in joint space radiodensity, scanty to slight osteo-
reactivity appeared at the articular surfaces in AP view,
no condylar changes; Fig. 1D. Metformin and pravastatin
treatment showed slight joint capsule effusion with insig-
nificant increase in joint space radiodensity, neither osteo-
reactivity nor condylar changes appeared at the articular
surfaces in AP view; Fig. 1E.

Table 1 Radiographic score of
the injected stifle joint in both

Group Joint space radiodensity

Osteophytic reactivity Bone changes

lateral and craniocaudal views Control

in the different experimental

Very low ()

MIA Extreme (++ ++)
groups

Metformin High (++)

Pravastatin Low (+)

Metformin + pravastatin ~ Very low (=)

Not present (—)
Extreme (++ ++)
Moderate (++)
Low (+)

Low (+)

Not present (—)
Extreme (++ ++)
Moderate (++)
Low (+)

Very low (+)

MIA monosodium iodoacetate

@ Springer



2742

E.R. Al Sawy et al.

Fig. 1 Lateromedial (left) and Craniocaudal (right) radiographic views of the left stifle joint in A control group, B MIA group, C metformin

group, D pravastatin and E metformin and pravastatin group

Metformin and pravastatin treatment resulted
in a reduction in TREM-1

Figure 2 shows a 2.9-fold increase in TREM-1 level after
MIA injection, in comparison to the control group. Met-
formin and pravastatin treatments decreased TREM-1 lev-
els by 0.8- and 1.2-fold, respectively, compared to the MIA
group. Combining both metformin and pravastatin resulted
in a twofold decrease in TREM-1 levels.

Reduction in STAT3 and IL-6 after treatment
with metformin and pravastatin

MIA injection increased both STAT3 and IL-6 levels in tis-
sue by 9.6- and 15.9-folds, respectively (Fig. 3). Metformin
treatment decreased both STAT3 level by 4.3-folds and IL6
level by 6.6-folds. Pravastatin also decreased STAT3 and IL6
levels by 4.9- and 6.7-folds, respectively. The combination
of metformin and pravastatin decreased STAT3 level by 6.9-
folds and decreased IL6 level by 13.3 folds.

Metformin, pravastatin and their combination
decreased PI3K and AKT levels

After OA induction by MIA, PI3K and AKT levels increased
by sevenfolds and tenfolds, respectively (Fig. 4). Metformin
administration resulted in a 2.7- and 4.7-folds decrease in
PI3K and AKT levels, respectively. Pravastatin adminis-
tration also decreased PI3K and AKT levels by 3.6- and
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Fig.2 Relative TREM-1 levels in knee joint homogenate among the
different groups. One-way ANOVA was used, and Tukey’s multiple
comparisons test followed for significance. a significantly different
from control, b significantly different from MIA, c¢ significantly dif-
ferent from metformin, and d significantly different from pravastatin
(p<0.05)
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5.7-folds, respectively. Administering both metformin and
pravastatin resulted in a five- and 7.7-folds decrease in PI3K
and AKT levels, respectively.

Improvement in oxidative stress markers
after treatment with metformin and pravastatin

As represented in Fig. 5, injecting MIA decreased NPSH
level by 63.4-folds, compared to the control group. Mean-
while, both metformin and pravastatin treatments increased
NPSH level by 19.5-and 28.7-folds, respectively, com-
pared to the MIA group. Co-treatment with metformin
and pravastatin increased NPSH level by 40.8-folds. Fig-
ure 5 also shows a 44.5-fold increase in MDA level after
OA induction with MIA. A 16- and a 23.8-fold decrease in
MDA was noted after metformin and pravastatin treatments,
respectively. Co-treatment with metformin and pravastatin
decreased MDA by 36.8-folds.

Metformin, pravastatin and their combination
significantly reduced the knee joint damage.

Figure 6 represents relative serum COMP, COL2 and CRP
levels among the five groups. Compared to the control
group, MIA injection increased COMP and CRP levels by

16.6- and 52.4-folds, respectively, while it decreased COL2
level by 0.88-fold. Treatment with metformin decreased each
of the COMP level by 5.6-folds and the CRP level by 25
folds, while it significantly increased COL2 level by 0.3-
fold. Pravastatin treatment decreased both COMP and CRP
levels by 6.8- and 29.9-folds, respectively, while it signifi-
cantly increased COL2 level by 0.3-fold. When metformin
and pravastatin treatments were combined, both COMP and
CRP levels decreased by 9.4- and 36-folds, respectively,
while COL2 level increased by 0.49-fold.

Histopathological findings

As shown in Fig. 7, when joint tissue sections from
the control group were examined microscopically, they
revealed normal structure of the knee joint. Conversely, the
MIA group exhibited marked histopathological changes;
the periarticular tissue and joint capsule were infiltrated by
intense inflammatory cells with marked edema. Synovial
lining showed wide areas of sloughed cells. The articular
cartilage showed surface damage with the existence of
numerous necrosed chondrocytes. Mild improvement was
noticed in the metformin-treated group where mild periar-
ticular edema with mononuclear inflammatory cells infil-
tration were noticed. The articular cartilage was apparently
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Fig.6 Relative serum levels of A COMP, B COL2 and C CRP in rats treated with metformin, pravastatin, and metformin and pravastatin. One-
way ANOVA was used, and Tukey’s multiple comparisons test followed for significance. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001

Fig. 7 Photomicrographs of A control group, B MIA group, C metformin group, D pravastatin group and E metformin and pravastatin group.

H&E stain (original magnifications X 25, X 50 and X 100)

normal. Regarding the pravastatin-treated group, moderate
improvement was noticed, only mild periarticular edema
was detected with apparently normal articular surfaces.
The best protective action was detected in the group that
received metformin and pravastatin as all examined joint
sections were apparently normal without any detectable

changes. Figure 8 represents statistical analysis of histo-
pathological lesion score where it increased by 10.7-folds
after MIA injection. Metformin, pravastatin, and their
combination decreased lesion score by 2.3-, 6.3- and 9.3-
folds, respectively.
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Fig.8 Relative arthritis score between groups. One-way ANOVA
was used, and Tukey’s multiple comparisons test followed for signifi-
cance. a significantly different from control, b significantly different
from MIA, c significantly different from metformin, and d signifi-
cantly different from pravastatin (p <0.05)

Discussion

The knees, hands, hips, and spine are the most common sites
affected by OA causing pain, stiffness and swelling. This
study aimed at studying the combined therapeutic effects of
metformin and pravastatin in rat OA of the knee joint. The
results showed that combining oral metformin and pravas-
tatin for 2 weeks after OA induction was more effective in
improving findings associated with OA than using either
metformin or pravastatin alone.

Other findings in OA include matrix proteins fragments
including COMP which are released from the damaged
matrix. In this study, the combination of metformin and
pravastatin treatments was found to decrease the levels of
COMP and the inflammatory marker CRP in the serum more
than treatment with either metformin or pravastatin alone.
COL2 levels in serum were also measure and, in agreement
with previous studies (Feng et al. 2020; Li et al. 2020a), met-
formin did increase COL2 expression, but the best results
came from combining metformin and pravastatin where a
significant increase in COL2 expression was detected.

After mMTREM-1 activation, intracellular pathways JAK
and PI3K activates, which in turn activates STAT3 and AKT,

@ Springer

respectively. These pathways activate transcription factors
including NF-xB involved in inflammatory mediators’ pro-
duction such as IL-6, TNF-a and IL-f (Olivotto et al. 2015).
Previous studies of metformin in OA shows its therapeu-
tic potential through AMPK pathway (Feng et al. 2020; Li
et al. 2020a, b). Using metformin, a study found that the
inflammatory response can be regulated, possibly through
AMPK inhibiting STAT3 (Nerstedt et al. 2010). Metformin
was found in another study to induce cell cycle arrest in
rheumatoid arthritis fibroblast-like synoviocytes, and that
this effect could be due to inhibiting IGF-IR/PI3K/AKT/m-
TOR pathway (Chen et al. 2019). In the current study, each
of PI3K, STAT3 and AKT levels, measured in knee joint
homogenate, showed the greatest reduction when metformin
and pravastatin treatments were co-administered in compari-
son to administering either metformin or pravastatin alone.
This difference shown with the combination treatment was
significant from other treatments.

IL-6, an inflammatory mediator present in osteoarthritic
synovial fluid, is involved in OA pathogenesis. Lovastatin
treatment was shown to reduce the induction of mediators of
inflammation (IL-6, TNF-a, IL-1Band iNOS) (Pahan et al.
1997). Similarly, simvastatin and atorvastatin, dose depend-
ently, has demonstrated a significant inhibition of IL-6 pro-
duction (Barsante et al. 2005; Dombrecht et al. 2007). In
the present study, IL-6 levels were measured in knee joint
homogenate, after treatment with metformin in combina-
tion with pravastatin. A significant reduction was noted in
comparison to each of metformin and pravastatin treatments
alone.

Previous studies showed the effect of statins on TREM-1.
A study of atherosclerosis in mice showed that pravastatin
inhibited TREM-1/DAP12, hence improving atherosclero-
sis (Wang et al. 2018). In a different study, it was found
that TREM-1 mediated inflammation could be inhibited
by pravastatin in human PBMCs with NF-kB signaling
pathway being involved (Dai et al. 2019). A different study
demonstrated that atorvastatin inhibited airway wall remod-
eling associated with asthma through downregulating the
expression of TREM-1 (Liu et al. 2017). However, in this
research, the combined effect of metformin and pravastatin
on mTREM-1 was studied and, compared to using either
metformin or pravastatin alone, it showed a significant
decrease in mTREM-1 levels.

MDA results from lipid peroxidation. A previous study
reported a significant increase in lipid peroxidation, verified
by MDA and 4-hydroxy-2-nonenal production, in human
OA synovial cells as compared to those from rheumatoid
arthritis patients and controls (Grigolo et al. 2003). On the
other hand, GSH, an antioxidant that can prevent lipid per-
oxidation, was found to improve antioxidant capacity, and
modulate pro-inflammatory cytokines expression in human
fibroblast-like synoviocytes when hyaluronic acid was
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supplemented with GSH (Yang et al. 2016). In this study,
metformin and pravastatin administration significantly
reduced MDA levels in knee joint homogenate when com-
pared to either metformin or pravastatin alone. Meanwhile,
non-protein thiol levels significantly increased with the com-
bination treatment as compared to other treatments. Both of
which could have a potential role in attenuating the damage
associated with OA.

This current study also showed that combining metformin
and pravastatin resulted in the least radiographic changes
and hardly any detectable changes with apparently normal
joint sections in histopathological examination.

To the best of our knowledge, no previous research was
performed on the combination of metformin and pravasta-
tin in osteoarthritis. To conclude, this study evaluated the
therapeutic effect of combining metformin and pravastatin
treatments in OA and the possible involvement of TREM-1
pathway. This combination treatment was found to reduce
CRP and COMP in OA knee joints while it increased COL2
expression. The levels of TREM-1, PI3K, AKT, STAT3
and IL-6 were all reduced which goes to suggest a role for
TREM-1/DAP12 signaling pathway in developing OA. Radi-
ographic and histologic examination further supported such
findings. Future studies are required for further evaluation
of the therapeutic role of metformin and pravastatin through
TREM-1 pathway.

Acknowledgements The authors acknowledge the efforts of the Phar-
macology Department, Faculty of Pharmacy, Cairo University.

Author contributions Eman R. Al Sawy: writing—original draft prep-
aration, investigation, writing—review, and editing. Mona M Saber:
conceptualization, resources, validation, writing—review, and editing.
Noha N. Nassar: supervision, project administration, data curation.
Nesrine S. El Sayed: supervision, methodology, writing—review, and
editing.

Funding Open access funding provided by The Science, Technology
& Innovation Funding Authority (STDF) in cooperation with The
Egyptian Knowledge Bank (EKB). This research did not receive any
specific grant from funding agencies in the public, commercial, or not-
for-profit sectors.

Data availability Data will be made available on request.

Declarations

Conflict of interest The authors confirm that they have no conflicts of
interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not

permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Arts RIW, Joosten LAB, van der Meer JWM, Netea MG (2013)
TREM-1: intracellular signaling pathways and interaction with
pattern recognition receptors. J Leukoc Biol 93:209-215. https://
doi.org/10.1189/JLB.0312145

Baker MC, Sheth K, Liu Y et al (2023) Development of osteoarthritis
in adults with type 2 diabetes treated with metformin vs a sulfo-
nylurea. JAMA Netw Open 6:€233646—e233646. https://doi.org/
10.1001/JAMANETWORKOPEN.2023.3646

Barsante MM, Rofté E, Yokoro CM et al (2005) Anti-inflammatory and
analgesic effects of atorvastatin in a rat model of adjuvant-induced
arthritis. Eur J Pharmacol 516:282-289. https://doi.org/10.1016/J.
EJPHAR.2005.05.005

Chen LC, Laskin JD, Gordon MK, Laskin DL (2008) Regulation of
TREM expression in hepatic macrophages and endothelial cells
during acute endotoxemia. Exp Mol Pathol 84:145-155. https://
doi.org/10.1016/J.YEXMP.2007.11.004

Chen K, Lin ZW, He SM et al (2019) Metformin inhibits the prolifera-
tion of rheumatoid arthritis fibroblast-like synoviocytes through
IGF-IR/PI3K/AKT/m-TOR pathway. Biomed Pharmacother
115:108875. https://doi.org/10.1016/J.BIOPHA.2019.108875

Colonna M (2003) TREMs in the immune system and beyond. Nat Rev
Immunol 3:445-453. https://doi.org/10.1038/NRI1106

Dai M, Chen Y, Mei X (2019) Pravastatin sodium attenuated TREM-
1-mediated inflammation in human peripheral blood mononuclear
cells. Biochem Biophys Res Commun 508:225-229. https://doi.
org/10.1016/].BBRC.2018.11.098

Dombrecht E, Offel J, Bridts C et al (2007) Influence of simvastatin
on the production of pro-inflammatory cytokines and nitric oxide
by activated human chondrocytes. Clin Exp Rheumatol 25:534

Feng X, Pan J, LiJ et al (2020) Metformin attenuates cartilage degen-
eration in an experimental osteoarthritis model by regulating
AMPK/mTOR. Aging (Albany NY) 12:1087-1103. https://doi.
org/10.18632/AGING.102635

Grigolo B, Roseti L, Fiorini M, Facchini A (2003) Enhanced lipid
peroxidation in synoviocytes from patients with osteoarthritis. J
Rheumatol 30:345-347

Halabitska I, Babinets L, Oksenych V, Kamyshnyi O (2024) Diabe-
tes and osteoarthritis: exploring the interactions and therapeutic
implications of insulin, metformin, and GLP-1-based interven-
tions. Biomedicines 12:1630. https://doi.org/10.3390/BIOME
DICINES12081630

Klesney-Tait J, Turnbull IR, Colonna M (2006) The TREM receptor
family and signal integration. Nat Immunol 7:1266—-1273. https://
doi.org/10.1038/NI1411

Lane NE, Brandt K, Hawker G et al (2011) OARSI-FDA initiative:
defining the disease state of osteoarthritis. Osteoarthr Cartil
19:478-482. https://doi.org/10.1016/J.JOCA.2010.09.013

Li H, Ding X, Terkeltaub R et al (2020a) Exploration of metformin as
novel therapy for osteoarthritis: preventing cartilage degeneration
and reducing pain behavior. Arthritis Res Ther 22:1-11. https://
doi.org/10.1186/S13075-020-2129-Y/FIGURES/4

LiJ, Zhang B, Liu WX et al (2020b) Metformin limits osteoarthritis
development and progression through activation of AMPK signal-
ling. Ann Rheum Dis 79:635-645

Liang R, Ge W, Li B et al (2022) Evodiamine decreased the systemic
exposure of pravastatin in non-alcoholic steatohepatitis rats due

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1189/JLB.0312145
https://doi.org/10.1189/JLB.0312145
https://doi.org/10.1001/JAMANETWORKOPEN.2023.3646
https://doi.org/10.1001/JAMANETWORKOPEN.2023.3646
https://doi.org/10.1016/J.EJPHAR.2005.05.005
https://doi.org/10.1016/J.EJPHAR.2005.05.005
https://doi.org/10.1016/J.YEXMP.2007.11.004
https://doi.org/10.1016/J.YEXMP.2007.11.004
https://doi.org/10.1016/J.BIOPHA.2019.108875
https://doi.org/10.1038/NRI1106
https://doi.org/10.1016/J.BBRC.2018.11.098
https://doi.org/10.1016/J.BBRC.2018.11.098
https://doi.org/10.18632/AGING.102635
https://doi.org/10.18632/AGING.102635
https://doi.org/10.3390/BIOMEDICINES12081630
https://doi.org/10.3390/BIOMEDICINES12081630
https://doi.org/10.1038/NI1411
https://doi.org/10.1038/NI1411
https://doi.org/10.1016/J.JOCA.2010.09.013
https://doi.org/10.1186/S13075-020-2129-Y/FIGURES/4
https://doi.org/10.1186/S13075-020-2129-Y/FIGURES/4

2748

E.R. Al Sawy et al.

to the up-regulation of hepatic OATPs. Pharm Biol 60:359-373.
https://doi.org/10.1080/13880209.2022.2036767

Liu MW, Liu R, Wu HY et al (2017) Atorvastatin has a protective effect
in a mouse model of bronchial asthma through regulating tissue
transglutaminase and triggering receptor expressed on myeloid
cells-1 expression. Exp Ther Med 14:917-930. https://doi.org/
10.3892/ETM.2017.4576

Liu-Bryan R, Terkeltaub R (2012) The growing array of innate inflam-
matory ignition switches in osteoarthritis. Arthritis Rheum
64:2055-2058. https://doi.org/10.1002/ART.34492

Loeser RF, Goldring SR, Scanzello CR, Goldring MB (2012) Oste-
oarthritis: a disease of the joint as an organ. Arthritis Rheum
64:1697-1707. https://doi.org/10.1002/ART.34453

Lu CH, Chung CH, Lee CH et al (2018) Combination COX-2 inhibitor
and metformin attenuate rate of joint replacement in osteoarthritis
with diabetes: a nationwide, retrospective, matched-cohort study
in Taiwan. PLoS ONE 13:e0191242. https://doi.org/10.1371/
JOURNAL.PONE.0191242

Na HS, Kwon JY, Lee SY et al (2021) Metformin attenuates mono-
sodium-iodoacetate-induced osteoarthritis via regulation of pain
mediators and the autophagy-lysosomal pathway. Cells 10:681.
https://doi.org/10.3390/CELLS 10030681

Nerstedt A, Johansson A, Andersson CX et al (2010) AMP-activated
protein kinase inhibits IL-6-stimulated inflammatory response
in human liver cells by suppressing phosphorylation of signal
transducer and activator of transcription 3 (STAT3). Diabetolo-
gia 53:2406-2416. https://doi.org/10.1007/S00125-010-1856-Z/
FIGURES/6

Olivotto E, Otero M, Marcu KB, Goldring MB (2015) Pathophysi-
ology of osteoarthritis: canonical NF-kB/IKK-dependent and
kinase-independent effects of IKKa in cartilage degradation and
chondrocyte differentiation. RMD Open 1:¢000061. https://doi.
org/10.1136/RMDOPEN-2015-000061

Pahan K, Sheikh FG, Namboodiri MS, Singh I (1997) Lovastatin and
phenylacetate inhibit the induction of nitric oxide synthase and
cytokines in rat primary astrocytes, microglia, and macrophages.
J Clin Invest 100:2671. https://doi.org/10.1172/JCI119812

Petursson F, Husa M, June R et al (2013) Linked decreases in liver
kinase B1 and AMP-activated protein kinase activity modulate
matrix catabolic responses to biomechanical injury in chon-
drocytes. Arthritis Res Ther 15:1-11. https://doi.org/10.1186/
AR4254/FIGURES/6

Rigo I, McMahon L, Dhawan P et al (2012) Induction of triggering
receptor expressed on myeloid cells (TREM-1) in airway epithe-
lial cells by 1,25(OH), vitamin Ds. Innate Immun 18:250-257.
https://doi.org/10.1177/1753425911399796

Saber MM, Mahmoud MM, Amin HM, Essam RM (2023) Therapeutic
effects of combining curcumin and swimming in osteoarthritis
using a rat model. Biomed Pharmacother 166:115309. https://doi.
org/10.1016/J.BIOPHA.2023.115309

SchmauBer B, Endrich S, Beier D et al (2008) Triggering receptor
expressed on myeloid cells-1 (TREM-1) expression on gastric
epithelium: implication for a role of TREM-1 in Helicobacter

@ Springer

pylori infection. Clin Exp Immunol 152:88-94. https://doi.org/
10.1111/J.1365-2249.2008.03608.X

Schmittgen TD (2008) Livak KJ (2008) Analyzing real-time PCR data
by the comparative CT method. Nat Protoc 36(3):1101-1108.
https://doi.org/10.1038/nprot.2008.73

Sigalov AB (2022) Inhibition of TREM-2 markedly suppresses joint
inflammation and damage in experimental arthritis. Int J Mol Sci.
https://doi.org/10.3390/1IMS23168857

Sofat N (2009) Analysing the role of endogenous matrix molecules in
the development of osteoarthritis. Int J] Exp Pathol 90:463-479.
https://doi.org/10.1111/J.1365-2613.2009.00676.X

Terkeltaub R, Yang B, Lotz M, Liu-Bryan R (2011) Chondrocyte
AMP-activated protein kinase activity suppresses matrix degra-
dation responses to proinflammatory cytokines interleukin-1f and
tumor necrosis factor a. Arthritis Rheum 63:1928-1937. https://
doi.org/10.1002/ART.30333

Tessarz AS, Cerwenka A (2008) The TREM-1/DAP12 pathway. Immu-
nol Lett 116:111-116. https://doi.org/10.1016/J. IMLET.2007.11.
021

van den Bosch MHIJ, van Lent PLEM, van der Kraan PM (2020) Iden-
tifying effector molecules, cells, and cytokines of innate immunity
in OA. Osteoarthr Cartil 28:532-543. https://doi.org/10.1016/J.
JOCA.2020.01.016

Wang HM, Gao JH, Lu JL (2018) Pravastatin improves atherosclerosis
in mice with hyperlipidemia by inhibiting TREM-1/DAP12. Eur
Rev Med Pharmacol Sci 22:4995-5003. https://doi.org/10.26355/
EURREV_201808_15640

Wang Y, Hussain SM, Wluka AE et al (2019) Association between
metformin use and disease progression in obese people with knee
osteoarthritis: data from the osteoarthritis initiative - a prospective
cohort study. Arthritis Res Ther 21:1-6. https://doi.org/10.1186/
S$13075-019-1915-X/TABLES/2

Wang X, Qiao Y, Yuan F et al (2024) Metformin inhibits knee osteo-
arthritis induced by type 2 diabetes mellitus in rats: SI00A8/9
and S100A12 as players and therapeutic targets. Open Chem.
https://doi.org/10.1515/CHEM-2024-0013/ASSET/GRAPHIC/J_
CHEM-2024-0013_FIG_007.JPG

Yang KC, Wu CC, Chen WY et al (2016) I-Glutathione enhances anti-
oxidant capacity of hyaluronic acid and modulates expression of
pro-inflammatory cytokines in human fibroblast-like synovio-
cytes. J Biomed Mater Res Part A 104:2071-2079. https://doi.
org/10.1002/JBM.A.35729

Zhou S, Lu W, Chen L et al (2017) (2017) AMPK deficiency in chon-
drocytes accelerated the progression of instability-induced and
ageing-associated osteoarthritis in adult mice. Sci Rep 71(7):1-14.
https://doi.org/10.1038/srep43245

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1080/13880209.2022.2036767
https://doi.org/10.3892/ETM.2017.4576
https://doi.org/10.3892/ETM.2017.4576
https://doi.org/10.1002/ART.34492
https://doi.org/10.1002/ART.34453
https://doi.org/10.1371/JOURNAL.PONE.0191242
https://doi.org/10.1371/JOURNAL.PONE.0191242
https://doi.org/10.3390/CELLS10030681
https://doi.org/10.1007/S00125-010-1856-Z/FIGURES/6
https://doi.org/10.1007/S00125-010-1856-Z/FIGURES/6
https://doi.org/10.1136/RMDOPEN-2015-000061
https://doi.org/10.1136/RMDOPEN-2015-000061
https://doi.org/10.1172/JCI119812
https://doi.org/10.1186/AR4254/FIGURES/6
https://doi.org/10.1186/AR4254/FIGURES/6
https://doi.org/10.1177/1753425911399796
https://doi.org/10.1016/J.BIOPHA.2023.115309
https://doi.org/10.1016/J.BIOPHA.2023.115309
https://doi.org/10.1111/J.1365-2249.2008.03608.X
https://doi.org/10.1111/J.1365-2249.2008.03608.X
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.3390/IJMS23168857
https://doi.org/10.1111/J.1365-2613.2009.00676.X
https://doi.org/10.1002/ART.30333
https://doi.org/10.1002/ART.30333
https://doi.org/10.1016/J.IMLET.2007.11.021
https://doi.org/10.1016/J.IMLET.2007.11.021
https://doi.org/10.1016/J.JOCA.2020.01.016
https://doi.org/10.1016/J.JOCA.2020.01.016
https://doi.org/10.26355/EURREV_201808_15640
https://doi.org/10.26355/EURREV_201808_15640
https://doi.org/10.1186/S13075-019-1915-X/TABLES/2
https://doi.org/10.1186/S13075-019-1915-X/TABLES/2
https://doi.org/10.1515/CHEM-2024-0013/ASSET/GRAPHIC/J_CHEM-2024-0013_FIG_007.JPG
https://doi.org/10.1515/CHEM-2024-0013/ASSET/GRAPHIC/J_CHEM-2024-0013_FIG_007.JPG
https://doi.org/10.1002/JBM.A.35729
https://doi.org/10.1002/JBM.A.35729
https://doi.org/10.1038/srep43245

	Targeting TREM-1 receptors with metformin and pravastatin modulate monosodium iodoacetate-induced osteoarthritis
	Abstract
	Graphical abstract

	Introduction
	Material and methods
	Drugs and chemicals
	Establishment of a rat OA model
	Radiological assessment
	Enzyme-linked immunosorbent assay (ELISA)
	Quantitative real-time polymerase chain reaction (qRT-PCR)
	Colorimetric assay
	Histopathological examination
	Statistical analysis

	Results
	Radiographic assessment
	Metformin and pravastatin treatment resulted in a reduction in TREM-1
	Reduction in STAT3 and IL-6 after treatment with metformin and pravastatin
	Metformin, pravastatin and their combination decreased PI3K and AKT levels
	Improvement in oxidative stress markers after treatment with metformin and pravastatin
	Metformin, pravastatin and their combination significantly reduced the knee joint damage.
	Histopathological findings

	Discussion
	Acknowledgements 
	References




