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Abstract: Matrix metalloproteinases (MMPs) are considered important in articular cartilage 

breakdown during osteoarthritis (OA). Similarly, the endocannabinoid system (ECS) is implicated 

in joint function and modulation of nociceptive processing. Functional interplay between ECS 

and MMPs has been recently indicated. Here, we tested if changes in the expression of selected 

MMPs and major ECS elements temporally correlate with the intensity of OA-related pain. 

Knee OA was induced in male Wistar rats by intra-articular sodium monoiodoacetate injection. 

OA-like pain behavior was tested using the dynamic weight bearing. Joint tissue samples at 

different time points after OA induction were subjected to gene (quantitative polymerase chain 

reaction) and protein (Western blot) expression analyses. Monoiodoacetate-induced nocifensive 

responses in rats showed a biphasic progression pattern. The alterations in expression of selected 

MMPs elegantly corresponded to the two-stage development of OA pain. The most substantial 

changes in the expression of the ECS system were revealed at a later stage of OA progression. 

Alterations within ECS are involved in the process of adaptation to persistent painful stimuli. 

The accumulation of MMPs in osteoarthritic cartilage may have a role in the biphasic progres-

sion of OA-related pain. Temporal association of changes in ECS and MMPs expression shows 

a potential therapeutic approach that utilizes the concept of combining indirect ECS-mediated 

MMP inhibition and ECS modulation of pain transduction.

Keywords: osteoarthritis, monoiodoacetate, pain, matrix metalloproteinases, endocannabinoid 

system 

Introduction
Osteoarthritis (OA) is a chronic degenerative condition of articular cartilage, which 

is composed of chondrocytes surrounded by ample extracellular matrix (ECM).1 

The physiological function of healthy cartilage relies on the structural integrity and 

sustainable remodeling of the ECM. In OA, the ECM stability of articular cartilage is 

compromised by extensive proteolytic breakdown associated with alterations in protein 

synthesis leading to progressive cartilage loss and joint dysfunction.1,2

The matrix metalloproteinase (MMP) family of proteases is considered to play a key 

role in cartilage degradation.2 The expression of multiple genes encoding MMPs was 

found to be altered in osteoarthritic cartilage.3 Importantly, enhanced protein expres-

sion of MMPs and their increased proteolytic activity in osteoarthritic cartilage has 

also been shown.4–6 The imbalanced ratio of MMPs and their endogenous regulators, 

namely tissue inhibitors of metalloproteinases (TIMPs), may drive ECM catabolism.7 
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The MMP-neutralizing capacity of endogenous TIMPs 

appears to be insufficient in OA cartilage.8 Moreover, despite 

remarkable results obtained from OA animal models, synthetic 

MMP inhibitors have shown little or no clinical efficacy.8,9

The endocannabinoid system (ECS) plays a unique neu-

romodulatory role in pain processing.10 The ECS consists of 

the cannabinoid receptors CB1 and CB2; their endogenous 

ligands (endocannabinoids; ECs), including the main and 

most widely studied to date, anandamide (AEA); and the 

enzymes involved in EC synthesis and degradation.10 ECs, 

especially AEA, have shown analgesic properties in different 

animal pain models.10 Thus, a huge scientific effort has been 

invested to pharmacologically increase the available reservoir 

of AEA, mainly by inhibiting its degradation.11,12 The consti-

tutive expression of both types of cannabinoid receptors on 

chondrocytes has been found.13 Moreover, the activity of ECS 

in knee joints contributes to the regulation of synovial blood 

flow and joint pain.14,15 A growing body of evidence suggests 

that ECS may serve as an emerging therapeutic target for OA 

pain.16,17 Indeed, both the systemic and local administration 

of ECS modulators in OA animal models have shown anti-

nociceptive and anti-arthritic effects in the affected knee.15,16,18

Functional interplay between ECS and MMPs has been 

recently proposed.19–21 Several scientific reports indicate 

that the modulation of CB1 and CB2 receptors may result 

in the inhibition of MMP activity.19–21 Interactions between 

ECM-degrading enzymes and the ECS in articular cartilage 

homeostasis has been less intensively studied, nonetheless 

ECS-mediated MMPs inhibition has been also suggested.22 

Of importance, both the systems were implicated to play a 

role in chronic pain pathophysiology.23,24

The correlation between the expression of MMPs and the 

ECS during the development of OA pain and its implications 

remain unclear. Taking into account the above premises, we 

hypothesized that alterations in MMPs and ECS expression 

during OA progression may be intertwined and reflect the 

severity of pain. Therefore, we investigated OA-related pain 

behavior in osteoarthritic rats and confronted it with the expres-

sion of ECM-degrading enzymes and key ECS components 

in disease-affected joints. Understanding the changes within 

these two regulatory systems in the context of chronic OA 

pain could lay the foundation for a new therapeutic approach 

targeting both MMPs inhibition and ECS-mediated analgesia.

Methods
Animals
Male 60-day old Wistar rats (Charles River, Hamburg Ger-

many) initially weighing 225–250 g were housed 5 per cage 

under a standard 12/12  h light/dark cycle and had free access 

to food and water. We ran our behavioral analyses in the 

morning (between 8:00 to 11:00 a.m.) in the animal house 

(conventional maintained in open conditions and specified 

pathogen free [maintained in barrier conditions] standards). 

We ensured all animals had the opportunity to exhibit their 

natural behaviors, we looked after their psychological and 

physical well-being to minimize any discomfort. No impor-

tant adverse events were observed. The procedures on animals 

were performed following the recommendations of the Inter-

national Association of Studies on Pain and 3R policy.25 The 

study was approved by the Local Ethics Committee of the 

Institute of Pharmacology PAS (approval number 938/2012). 

Across the experiments, we compared non-treated animals 

(further referred to as intact animals) and osteoarthritic ani-

mals at different time points after treatment. Our previous 

results showed no significant changes in joint hypersensitivity 

and dynamic weight bearing (DWB) tests in saline-injected 

rats.16 Therefore, a vehicle-treated group was not included in 

the experiment. For biochemical assays, rats were randomly 

allocated to the groups. For behavioral study, the same set of 

rats were assessed before and after intervention and served 

as their own controls.

OA rat model
The rats were deeply anesthetized with 5% isoflurane 

(Forane®, Baxter Healthcare Corporation, Deerfield, IL, 

USA) in 100% O
2
 (3 L/min) until the flexor withdrawal reflex 

was abolished. The skin covering the right knee joint was 

shaved and swabbed with 100% ethanol. A 27-gauge needle 

was introduced into the joint cavity through the patellar liga-

ment, and 50 μl containing 3 mg of sodium monoiodoacetate 

(MIA; Sigma-Aldrich, Saint Louis, MO, USA) in 0.9% saline 

was injected intra-articular to induce OA-like lesions. The 

MIA model was chosen due to its particular usefulness for 

studying joint pain and multiple similarities in the mecha-

nisms of cartilage degeneration to those observed in human 

OA cartilage.26,27

Behavioral testing of hind limb 
incapacitance
Rats were monitored for OA-related pain symptoms before 

MIA injection and on every second day after the procedure 

during the 28 days of disease development (the experimental 

design is presented in Figure 1). Hind limb incapacitance was 

measured using the DWB test (Bioseb, Vitrolles, France) as 

previously described.16,28 Due to the observer-independent 

character of the measurement, DWB was not performed in a 
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blinded fashion. The rat was allowed to move freely within the 

apparatus for 5 min while the pressure data from transducers-

equipped floor and live recordings from combined video 

camera were transmitted and collected. Data validation was 

performed using the DWB software v1.3 (Bioseb). Mean 

values for the weight borne by each of the hind limbs (in 

grams) were calculated, normalized to body mass, presented 

as a percentage difference between these limbs and utilized 

as an index of knee joint pain.

RNA isolation and quantitative 
polymerase chain reaction (qPCR)
Joint tissue samples consisted of meniscus and articular 

cartilage of the tibia and femur (synovium and bone were 

discarded; isolation of all specimens was performed by one 

researcher only). The specimens were isolated on days 2, 7, 

14, 21 and 28 post-MIA injection (Figure 1). The samples 

were placed in individual tubes, immediately frozen in 

liquid nitrogen and stored at −80°C until RNA isolation. 

The samples were thawed on ice and homogenized in 1 mL 

of TRIzol reagent (Invitrogen, Waltham, MA, USA). RNA 

isolation was performed according to the manufacturer’s 

protocol. The total RNA concentration was assessed using 

a Nanodrop ND-1000 spectrophotometer (Labtech Inter-

national, Uckfield, UK). RNA quality was determined by 

chip-based capillary electrophoresis using the RNA 6000 

Nano LabChip Kit and Agilent Bioanalyzer 2100 (Agilent, 

Santa Clara, CA, USA). Total RNA concentrations in each 

sample were equalized to 1 μg/μL. Reverse transcription (RT) 

to cDNA was performed using iScript RT Supermix (Bio-

Rad, Hercules, CA, USA). qPCR reactions were performed 

using iTaq Universal Probes Supermix (Bio-Rad), primer 

sets (TaqMan Gene Expression Assays, Life Technologies, 

Carlsbad, CA, USA; details in Table 1) and run on Real-Time 

PCR CFX96 Touch System (Bio-Rad). The cycle threshold 

(CT) values were computed automatically using the CFX 

Manager software (Bio-Rad) with the default parameters. 

Mean CT values were investigated for all genes of interest 

and are listed in Table S1. To examine the variation in cDNA 

amounts across the groups, the expression levels were nor-

malized to the CT value of the Hprt1 reference gene. RNA 

abundance was calculated as 2-(normalized ΔCt). We considered that 

due to changes in cellular composition during MIA-induced 

OA development, the RNAs populations extracted from the 

intact cartilage and MIA-treated cartilage might be signifi-

cantly different.29–31 Therefore, we did not use intact animals 

as a control group in the qPCR analysis. A group of samples 

collected at day 2 post-MIA injection was used as a control 

instead. We believe that the profile of changes in mRNA 

abundance levels from day 2 to day 28 is highly informative 

and reflects transcription dynamics over the course of OA. To 

facilitate a comparison between the gene and protein levels, 

statistical significance against day 2 was also presented for 

the Western blotting (WB) results.

Protein isolation and WB analysis
For proteomic assessment, joint tissue samples (as described 

above) of ipsilateral knees were collected before MIA injec-

tion and on days 2, 7, 14, 21 and 28 after OA induction 

(Figure 1). Cartilage samples were frozen in liquid nitrogen 

and stored at −80°C until protein isolation. Using the Rotor 

Stator Homogenizer (IKA®-Werke, Staufen, Germany), the 

samples were homogenized in RIPA buffer (Sigma-Aldrich) 

with cocktails of proteases and phosphatases inhibitors (1:200; 

Sigma-Aldrich), and cleared by centrifugation (14,000 × g 

for 30 min). The protein concentration in the supernatant was 

determined using the BCA Protein Assay Kit (Sigma-Aldrich). 

Samples containing 20 μg of protein were heated for 8 min at 

80°C in Laemmli 4× loading buffer (Bio-Rad) and resolved 

by sodium dodecyl sulfate polyacrylamide gel electrophoresis 

Figure 1 Outline of the experiment design.
Notes: Rats were monitored for OA-related pain symptoms by DWB before MIA injection and every second day after the procedure during the 28-day period of the 
experiment. Gene expression analysis by qPCR was conducted on joint tissue samples collected on days 2, 7, 14, 21 and 28 post-MIA injection. For proteomic assessment, 
the joint tissue samples were collected before MIA injection and 2, 7, 14, 21 and 28 days after OA induction and processed for WB.
Abbreviations: DWB, dynamic weight bearing; MIA, monoiodoacetate; OA, osteoarthritis; qPCR, quantitative polymerase chain reaction; WB, Western blotting.
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SDS-PAGE (Criterion™ TGX™ Precast Gels, Bio-Rad). After 

gel electrophoresis, the proteins were transferred to polyvinyli-

dene difluoride membranes (Trans-Blot System, Bio-Rad). The 

blots were blocked using 2.5% albumin and 2.5% non-fat dry 

milk in TBS with 0.1% Tween-20 (Bio-Rad,) for 2 h at 37°C. 

The blots were incubated with antibody of interest overnight at 

4°C and then incubated with peroxidase-conjugated secondary 

antibody for 2 h in RT (all antibodies are detailed in Table 2). 

Immuno-complexes were detected using an ECL substrate 

(Clarity™, Bio-Rad) visualized using the LAS-1000 system 

(Fujifilm, Tokyo, Japan). A relative level of immunoreactivity 

was quantified using the Image Gauge software (Fujifilm). 

The WB experiment results were normalized and compared 

with those from the corresponding intact samples (non-treated 

animals). Due to changing joint architecture and dynamic tis-

sue recomposition during MIA-induced OA development, we 

were not able to obtain a stable protein reference. Consequently, 

we did not employ a loading control in our analysis. The high 

quality of the WB analyses is confirmed by the immunoblots 

presented in Figure S1.

Statistics
All statistical analyses were performed using Prism V.5 

(GraphPad Software, La Jolla, CA, USA). The results are 

Table 1 List of TaqMan assays used for quantitative polymerase chain reaction gene expression analysis

Gene name Gene  
symbol

Gene expression  
Assay ID

Assay location
(RefSeq ID)

Amplicon 
length

Hypoxanthine phosphoribosyltransferase 1 Hprt1 Rn01527840_m1 673 (NM_012583.2) 64
SRY (sex determining region Y)-box 9 Sox9 Rn01751070_m1 1177 (XM_003750950.3) 102
Cartilage oligomeric matrix protein Comp Rn00563255_m1 1132 (NM_012834.1) 87
Matrix metallopeptidase 3 Mmp3 Rn00591740_m1 1379 (X02601.1) 67
Matrix metallopeptidase 9 Mmp9 Rn00579162_m1 2016 (NM_031055) 72
Matrix metallopeptidase 13 Mmp13 Rn01448194_m1 652 (NM_133530.1) 65
TIMP metallopeptidase inhibitor 1 Timp1 Rn01430873_g1 240 (NM_053819.1) 118
TIMP metallopeptidase inhibitor 2 Timp2 Rn00573232_m1 466 (NM_021989.2) 70
Cannabinoid receptor 1 Cb1 Rn02758689_s1 1235 (NM_012784.4) 92
Cannabinoid receptor 2 Cb2 Rn04342831_s1 847 (NM_020543.4) 99
N-acyl phosphatidylethanolamine phospholipase D Napepld Rn01786262_m1 1054 (NM_199381.1) 71
Phospholipase A2 Pla2g2a Rn00668379_g1 104 (NM_031598.3) 79
Phospholipase C, beta 1 Plcb1 Rn01514511_m1 729 (NM_001077641.1) 58
Glycerophosphodiester phosphodiesterase 1 Gde1 Rn00583529_m1 945 (NM_032615.2) 71
Fatty acid amide hydrolase Faah Rn00577086_m1 376 (NM_024132.3) 63
Prostaglandin-endoperoxide synthase 2 Ptgs2 Rn01483828_m1 312 (NM_017232.3) 112
Arachidonate 12-lipoxygenase Alox12 Rn01461082_m1 1210 (NM_001105798.1) 79
Arachidonate 15-lipoxygenase Alox15 Rn00696151_m1 144 (NM_031010.2) 82

Table 2 List of antibodies used for Western blotting experiments

Antibody description Supplier Species and type Dilution Cat no.

Primary antibodies
Anti-COMP Abcam Rb mAb 1:1000 ab128893
Anti-SOX9 Millipore Rb pAb 1:1000 AB5535
Anti-MMP2 (recognizes both pro- and active form) Abcam Ms mAb 1:100 ab2462
Anti-MMP3 (recognizes both pro- and active form) Aviva System Biology Rb pAb 1:500 OAAF01874
Anti-MMP9 (recognizes both pro- and active form) Millipore Rb pAb 1:500 AB19016
Anti-MMP13 (recognizes both pro- and active form) Abcam Rb pAb 1:1000 ab39012
Anti-TIMP1 (recognizes both pro- and active form) Millipore Rb pAb 1:200 AB770
Anti-CB1 Cayman Chemicals Rb pAb 1:300 101500
Anti-CB2 Cayman Chemicals Rb pAb 1:500 101550
Anti-FAAH Cayman Chemicals Rb pAb 1:500 101600
Anti-NAPE-PLD Cayman Chemicals Rb pAb 1:500 10305
Anti-15LOX2 Abcam Rb pAb 1:200 ab23691
Anti-COX2 Novus Biologicals Rb pAb 1:2000 B110–1948
Secondary antibodies
Horse anti-Ms IgG conjugated with HRP Vector Laboratories Hr pAb 1:2000 PI-2000
Goat anti-Rb IgG conjugated with HRP Vector Laboratories Gt pAb 1:5000 PI-1000

Abbreviations: COMP, cartilage oligomeric matrix protein; Gt, goat; Hr, horse; HRP, horseradish peroxidase; mAb, monoclonal antibody; MMP, matrix metalloproteinase; 
Ms, mouse; pAb, polyclonal antibody; Rb, rabbit; TIMP, tissue inhibitors of metalloproteinase; FAAH, fatty acid amide hydrolase; NAPE-PLD, N-acyl phosphatidylethanolamine 
phospholipase D.
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plotted as the mean ± SEM (standard error of the mean). 

Differences in the weight distribution (DWB test, n=12), 

transcriptomic (qPCR assay, n=8–10) and proteomic (WB 

analysis, n=5) results between the groups were assessed by 

one-way analysis of variance (ANOVA) followed by Bonfer-

roni post hoc test. The number of animals was minimized to 

comply with 3R policy, but with respect to preserving sta-

tistical significance. All samples were included for analysis, 

and no outliers were detected. The Pearson correlation was 

computed with the weight distribution data and expression 

levels of the measured transcripts and proteins. The interpre-

tation of the results should accommodate a limited number 

of data points in the analysis (5 time points). For graphical 

representation of qPCR data, trend lines (locally weighted 

scatterplot smoothing; LOWESS) were added. The threshold 

of significance was set at p<0.05. (*) denotes significant dif-

ferences vs. intact animals (before OA induction), (#) vs. day 

2 post-MIA injection, ($) vs. indicated bar.

Results
Development of pain-related behavior 
and changes in cartilage turnover during 
the progression of MIA-induced OA
We used the DWB test to assess pain-like behavior in osteo-

arthritic rats. Our results revealed significant alterations 

in paw loading during OA progression (Figure 2A). MIA 

administration to the rat knee resulted in a persistent pain 

state characterized by a biphasic profile of pain-like behavior 

(Figure 2A). After an initial phase of an enormously increased 

weight-bearing deficit at days 2 and 4, a slight alleviation of 

symptoms was noticed between days 6 and 12 (Figure 2A). 

From days 14 to 28, we observed the second phase of chronic, 

progressive pain (Figure 2A).

Next, we determined the cartilage integrity and its 

metabolic state in OA joint tissue samples. Therefore, the 

expression of disease progression markers such as the 

transcriptional factor SOX9 (an important regulator of 

chondrogenesis) and cartilage oligomeric matrix protein 

(COMP; a protein crucial for cartilage structure) was mea-

sured by qPCR.32,33 Our results showed that Sox9 as well 

as Comp genes had two phases of up-regulation, peaking 

at day 7 and between days 21 and 28 compared with day 2 

(Figure 2B, C; Table 3). Interestingly, we noticed a robust 

and gradual increase in SOX9 protein from day 2, with the 

maximal expression level observed on day 28 (Figure 2D). 

The expression of the COMP protein showed U-shaped 

regulation, with its minimum at day 7, and never returned to 

the control level of intact animals (Figure 2E).

Alterations in gene and protein 
expression of selected MMPs and  
TIMPs in OA-affected cartilage
The expression of selected MMPs and TIMPs that are par-

ticularly important for OA pathogenesis was evaluated in the 

cartilage of MIA-injected rat knees. We found a significant 

up-regulation of Mmp3 and Mmp9 transcripts at day 14, 

followed by a gradual decrease until day 28 (Figure 3A, B; 

Table 3). The Mmp13 gene also presented pronounced eleva-

tion at day 14, and its mRNA level remained increased until 

the end of the testing period (Figure 3C; Table 3). Interest-

ingly, the expression profiles of Timp1 and Timp2 resemble 

the profiles of Sox9 and Comp, with two maxima at day 7 

and between days 21 and 28 (Figure 3D; Table 3).

Consequently, proteomic analysis of selected MMPs and 

TIMPs was performed. Our data revealed that MMP3 pro-

tein expression (54 kDa pro-form) was remarkably elevated 

from day 7 and was maintained at a high level until day 28 

in the intact control (Figure 3E; active 45 and 28 kDa forms 

of MMP3 were not investigated in this study).34 In contrast, 

MMP9 (98 kDa pro-form) presented a tendency to increase 

in level at day 2 and then significantly decrease at day 28 

compared with day 2 (Figure 3F; active 82 kDa form of 

MMP9 was not observed).35 The expression of MMP13 (48 

kDa active form) showed a gradual increase until day 21 

(Figure 3G; 60 kDa pro-enzyme was far less abundant and not 

taken into consideration).36 Furthermore, the protein expres-

sion of TIMP1 (28 kDa active form) remained unchanged 

throughout the experiment, except a minor up-regulation at 

day 28 compared with day 2 (Figure 3H). Notably, we noticed 

a remarkable increase in protein level of MMP2 (63 kDa 

active form) at days 2, 21 and 28, corresponding well to the 

biphasic pain profile observed in the DWB test (Figure S2; 72 

kDa pro-form was not observed).35 The alterations in MMP2 

levels and changes in the DWB showed significant positive 

correlation (r=0.92, p<0.05; Table S2).

Alterations in gene and protein 
expression of ECS components  
in OA-affected cartilage
The main components of the ECS were subjected to an 

examination of the gene and protein expression in cartilage 

during OA progression. We assessed the transcript and protein 

abundance levels for cannabinoid receptors, enzymes engaged 

in AEA synthesis and degradation (listed in Table 3).37 We 

found that the mRNA levels for the majority of ECS genes 

(except Alox15) remained relatively stable throughout OA 
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Figure 2 Progression of MIA-induced OA on the behavioral and molecular levels.
Notes: (A) Disturbed weight bearing for the hind limbs of rats injected with 3 mgs MIA. Loading incapacitance was measured via the DWB test before MIA injection and 
every second day during 28 days of OA development. The bars represent body mass-normalized weight bearing difference between MIA-treated ipsilateral and non-injected 
contralateral hind limbs (n=12). (B, C) Alterations in gene expression of cartilage turnover markers in osteoarthritic rats during disease progression. Transcripts levels for 
Sox9 and Comp in joint tissue samples were measured by quantitative polymerase chain reaction. mRNA samples were collected 2, 7, 14, 21 and 28 days after OA induction. 
The results are normalized to Hprt1 and presented as a relative change of mRNA levels in comparison to day 2 (n=8–10). (D, E) Changes in SOX9 and COMP protein 
expression measured by Western blotting assay. Samples were collected before MIA injection and 2, 7, 14, 21 and 28 days after OA induction. The results are presented 
as fold change (mean ± SEM) in comparison to the intact group (n=5). Representative bands from each group are presented below the charts. The data were analyzed with 
one-way analysis of variance followed by Bonferroni’s multiple comparison post hoc test; values with p<0.05 were considered significant. *Denotes significant differences 
vs intact animals (before OA induction) at p<0.05, **denotes significant differences vs intact animals (before OA induction) at p<0.01, ***denotes significant differences vs 
intact animals (before OA induction) at p<0.005, ****denotes significant differences vs intact animals (before OA induction) at p<0.001. ##denotes significant differences vs 
day 2 post-MIA injection at p<0.01, ###denotes significant differences vs day 2 post-MIA injection at p<0.005, ####denotes significant differences vs day 2 post-MIA injection at 
p<0.001, $denotes significant differences vs indicated bar at p<0.05, $$denotes significant differences vs indicated bar at p<0.01.
Abbreviations: COMP, cartilage oligomeric matrix protein; DWB, dynamic weight bearing; MIA, monoiodoacetate; OA, osteoarthritis.
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development (Table 3). The expression level of Alox15 mRNA 

was significantly diminished at days 7, 14 and 28 (Table 3). The 

ECS genes Plcb1, Gde1 and Ptgs2 showed increased mRNA 

abundance levels at day 28 compared with day 2 (Table 3).

Next, we performed WB analyses of the selected ECS pro-

teins. We showed that the level of the CB1 receptor (52 kDa) 

was highly augmented at days 21 and 28 (Figure 4A). Simi-

larly, CB2 protein showed substantial up-regulation at days 

21 and 28 (Figure 4B). The changes were statistically signifi-

cant in reference to both the control and early time points of 

the experiment (Figure 4B). The NAPE-PLD protein levels 

revealed no significant differences between the experimental 

groups (Figure 4C). We also found that the profile of FAAH 

enzyme expression was similar to CB2, with accumulating 

abundance levels at day 21 and day 28 (Figure 4D). The 

15LOX2 enzyme profile showed tendency to increase, with a 

strong up-regulation at day 28 (Figure 4E). The COX2 protein 

exhibited biphasic accumulation with peaks at days 2 and 28 

(Figure 4F). The expression levels of certain ECS proteins, 

CB1 and NAPE-PLD, significantly correlated with the DWB 

data (r=0.88, p<0.05 and r=−0.88, p<0.05 respectively; Table 

S2), It is noteworthy that the other two proteins exhibited 

high correlation coefficients with p-value close to significant 

(FAAH: r=0.80, p=0.05 and COX2: r=0.79, p=0.06; Table S2).

Discussion
In this study, we have investigated the regulation of ECs and 

MMPs expression during OA development. Both ECs and 

MMPs are considered promising targets for the pharmaco-

logical treatment of OA symptoms, including OA-related 

pain. The intra-articular injection of MIA produces weight-

bearing asymmetry, which is considered as an indication of 

nociceptive pain similar to this observed in OA patients. We 

reported that the progress of weight-bearing asymmetry is 

biphasic, possibly reflecting the initial, inflammation-driven 

phase of pain followed by the second, chronic phase that 

is connected to pathomorphological alterations within the 

joint. The observed two-stage progression of the disease is 

consistent with our previous results and with other reports 

showing biphasic pain profile following injection of 3 mg of 

MIA in rats.16,38 Importantly, the altered weight distribution is 

sustained throughout the 6-week period of testing indicating 

chronic pain development.38

The MIA injection into the rat knee substantially affects 

cartilage homeostasis. Our findings confirm this, and show 

that both tested molecular markers of disease progression 

(Sox9 and Comp) exhibited two phases of increased gene 

expression corresponding to biphasic pain development. 

Interestingly, the first peak in transcriptional activation of 

these markers was observed slightly later than indicated by 

the DWB test. It was previously suggested that the matrix 

synthesis suppression manifested as decreased Sox9 levels, 

contributes to the progression of cartilage destruction in the 

MIA OA model.39 In contrast, our Sox9 expression results 

imply the enhanced regulation of chondrogenesis and promo-

tion of regeneration on the affected side during the transient 

intensifications of pain episodes in this OA model. Our data 

also indicate a significant up-regulation of the SOX9 protein 

in OA-affected cartilage in a later phase of OA progression. 

However, both the SOX9 gene and its protein were shown to 

be decreased in the terminally damaged cartilage from OA 

patients.40 It can therefore be speculated that in patients who 

are at advanced stages of the disease, the SOX9-dependent 

recovery mechanisms are greatly diminished.41

A pronounced reduction in COMP protein expression 

indicates the irreversible breakdown of cartilage structure, 

Table 3 Summary of gene expression alterations revealed in rat 
knee model during progression of OA

Gene description Time after MIA injection

Day 7 Day 14 Day 21 Day 28

Progression markers
Sox9 ↑↑↑↑ ↑↑ ↑↑
Comp ↑↑↑↑ ↑↑ ↑↑↑↑ ↑↑↑
MMPs/TIMPs
Mmp3 – ↑↑↑↑ ↑↑↑↑ –
Mmp9 – ↑↑ – –
Mmp13 – – ↑ ↑↑
Timp1 ↑ – ↑ ↑
Timp2 ↑↑↑↑ ↑ ↑↑ ↑↑↑↑
ECS receptors
Cb1 – – – –
Cb2 – – – –
EC synthesis
Napepld – – – –
Pla2g2a – – – –
Plcb1 – – – ↑
Gde1 – – – ↑↑↑↑
EC degradation
Faah – – –
Ptgs2 – – – ↑↑
Alox 12 – – –
Alox 15 ↓ ↓ – ↓
Notes: Transcripts abundance levels of selected genes in joint tissue samples 
were assessed by quantitative polymerase chain reaction. Total RNA samples were 
collected 2, 7, 14, 21 and 28 days after OA induction. The results are presented 
as relative increase (↑) or decrease (↓) of mRNA levels in comparison to day 2 
(n=8–10). Data were analyzed with one-way analysis of variance followed by 
Bonferroni’s multiple comparison test. (↑/↓) denotes significant differences vs. day 
2 post MIA injection, (↑) for p<0.05, (↑↑) for p<0.01, (↑↑↑) for p<0.005, (↑↑↑↑) 
for p<0.001.
Abbreviations: EC, endocannabinoid; ECS, endocannabinoid system; MIA, 
monoiodoacetate; MMP, matrix metalloproteinase; OA, osteoarthritis; TIMP, tissue 
inhibitors of metalloproteinase.
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which may contribute to the development of chronic OA-

related pain. The average pain index in MIA-induced OA is 

closely correlated to the grade of histological abnormalities.27 

Importantly, degenerative menisci from OA patients displays 

a reduced protein expression for COMP.42 Several clinical 

studies have reported a strong association between pain 

degree and degenerative OA features.43,44 These observations 

denote that despite etiological differences, the MIA-induced 

rat model of OA is characterized by similar pathomorphol-

ogy and pain-related behavioral features as OA in humans.

Furthermore, our results indicate robust regulation in the 

expression of various MMPs during OA development. In 

general, we observed an enhancement in MMPs genes tran-

scription with the highest expression in mRNA abundance 

levels at day 14, which reflects the initiation of the chronic 

phase of OA-related pain. Our results are in accordance with 

a study on rat MIA-injected cartilage showing elevated levels 

of Mmp2, Mmp3, Mmp13, Timp1 and Timp2 transcripts.45 

Interestingly, a study of terminally damaged human cartilage 

identified increased MMP2, MMP9, MMP13 mRNA levels 

but decreased MMP3 level.3 Here, we report stage-specific 

patterns of changes in the protein expression of the selected 

MMPs. Globally; the accumulation of MMP2, MMP3 and 

MMP13 enzymes is detected at the early and late phases of 

the disease, which corresponds well with the periods of maxi-

mum pain. Of importance, MMP2 and MMP13 have been 

found in active forms. The results suggest that the intensified 

degradation of cartilage is directly translated to a more severe 

perception of pain. In line with above, it was proposed that 

the serum MMPs levels are related to particular OA stages.46 

However, the phase-specific association of cartilaginous 

MMPs protein levels has not been reported. Moreover, our 

data indicate disrupted equilibrium between MMPs and 

TIMPs that may lead to progressive cartilage deterioration.7 

In accordance, in synovial fluids of OA patients, the increase 

in the MMP3 level is markedly higher than the TIMP1 level.47 

Figure 3 Changes in transcript and protein expression levels of MMPs in OA-affected rat cartilage during disease progression.
Notes: (A–D) Transcripts abundance levels for Mmp3, Mmp9, Mmp13 and Timp1 genes in joint tissue samples were measured by quantitative polymerase chain reaction. 
Total RNA samples were collected 2, 7, 14, 21 and 28 days after OA induction. The results are presented as relative changes in the mRNA levels compared with day 2 
(n=8–10). (E–H) Protein expression of the selected MMPs in osteoarthritic knee joints during 28 days of disease progression. The expression of MMP3, MMP9, MMP13 
and TIMP1 was determined by immunoblotting. Samples were collected before MIA injection and 2, 7, 14, 21 and 28 days after OA induction. The results are presented 
as fold of change (mean ± SEM) in comparison to the intact group (n=5). Representative bands from each group are presented below the charts. Statistical analysis was 
performed using one-way analysis of variance followed by Bonferroni post hoc test; values with p<0.05 were considered significant. ***Denotes significant differences vs int 
(before OA induction) at p<0.005, ****denotes significant differences vs int (before OA induction) at p<0.001, #denotes significant differences vs day 2 post-MIA injection at 
p<0.05, ##denotes significant differences vs day 2 post-MIA injection at p<0.01, ####denotes significant differences vs day 2 post-MIA injection at p<0.001, $denotes significant 
differences vs indicated bar at p<0.05, $$denotes significant differences vs indicated bar at p<0.01.
Abbreviations: int, intact animals; MIA, monoiodoacetate; MMP, matrix metalloproteinase; OA, osteoarthritis; SEM, standard error of the mean; TIMP, tissue inhibitors of 
metalloproteinases.
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The results account for the chondroprotective potential of 

MMP inhibitors in MIA model of OA.48,49 Nonetheless, no 

MMP inhibitor is available for clinical use, predominantly 

because of inadequate efficacy.8,9

The major components of ECS showed only moderate 

gene expression changes in the osteoarthritic cartilage. 

However, we demonstrated that MIA injection into the rat 

knee leads to a tremendous increase in protein levels of 

cannabinoid receptors (CB1 and CB2) and AEA-degrading 

enzymes (FAAH, 15LOX2, and COX2). The induction was 

the most pronounced in the late phase of disease progres-

Figure 4 Alterations in protein expression of ECS components in knee joints associated with the progression of MIA-induced OA rat model.
Notes: Protein expression of CB1 and CB2 receptors (A, B), NAPE-PLD, FAAH enzymes (C, D), 15LOX2, COX2 enzymes (E, F) levels were determined by immunoblotting. 
Samples were collected before OA induction and 2, 7, 14, 21 and 28 days after MIA injection. The results are presented as fold of change (mean ± SEM) in comparison to 
the intact group (n=5). Representative bands from each group are presented below the charts. Statistical analysis was performed using one-way analysis of variance followed 
by Bonferroni post hoc test; values with p<0.05 were considered significant. *Denotes significant differences vs int (before OA induction) at p<0.05, **denotes significant 
differences vs int (before OA induction) at p<0.01, ***denotes significant differences vs int (before OA induction) at p<0.005, ****denotes significant differences vs int 
(before OA induction) at p<0.001, #denotes significant differences vs day 2 post-MIA injection at p<0.05, ##denotes significant differences vs day 2 post-MIA injection at 
p<0.01, ####denotes significant differences vs day 2 post-MIA injection at p<0.001, $denotes significant differences vs indicated bar at p<0.05, $$denotes significant differences 
vs indicated bar at p<0.01.
Abbreviations: ECS, endocannabinoid system; MIA, monoiodoacetate; OA, osteoarthritis; FAAH, fatty acid amide hydrolase; NAPE-PLD, N-acyl phosphatidylethanolamine 
phospholipase D; SEM, standard error of the mean; int, intact animals.
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sion. In accordance, the expression levels of CB1, CB2 

and FAAH in the synovial tissue biopsies from OA patients 

were similarly altered.50 Our result suggests that alterations 

in ECS in the state of chronic OA pain are twofold. First, 

up-regulation of cannabinoid receptors suggests that ECS 

in the OA-affected knee joint is highly activated and strive 

to counteract episodes of persistent pain. From the other 

site, increased expression of FAAH, 15LOX2, and COX2 

may translate into decreased level of endogenous AEA and 

consequently, to enhanced severity of chronic OA pain. Inter-

estingly, we observed that a biphasic profile of changes in 
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COX2 expression also corresponds to a two-stage pattern of 

pain. Besides AEA inactivation, COX2 is also involved in the 

production of prostaglandins. Therefore, the increased COX2 

abundance at day 2 confirms that the initial phase of OA 

pain is driven by inflammation. Moreover, the importance of 

COX2 up-regulation in human OA-affected cartilage has been 

already suggested.51 Furthermore, AEA, which is in nature 

an analgesic compound, may undergo oxidative metabolism 

by COX2 and 15LOX2, resulting in the production of pro-

nociceptive bioactive metabolites.52,53 This way disrupted 

ECS-dependent pain processing may further manifest in 

increased pain sensation in later stage of OA.

Functional linkage between MMPs and ECS in cartilage 

homeostasis has been recently suggested. Several lines of 

evidence indicate that the modulation of CB1 and CB2 recep-

tors may lead to the indirect inhibition of MMP activity. For 

instance, in vitro experiments have shown that synthetic can-

nabinoid agonist WIN 55,212-2 time- and dose-dependently 

decreased the gene expression of MMP3, MMP13, TIMP1 

and TIMP2 in human chondrocytes.22 Another experiment 

indicated that ajulemic acid, a synthetic, non-psychoactive 

cannabinoid, suppressed the production of MMP1, MMP3, 

and MMP9 in human fibroblast-like synovial cells that may 

have accounted for its anti-arthritic effect.54

Accumulating data across different research fields also 

supports this notion. Research on arteriosclerosis indicated 

that the expression of CB2 was inversely correlated with 

MMP9 content in human atherosclerotic plaques.21 Similarly, 

a preclinical study revealed the reduction of MMP9 content 

in atherosclerotic mouse plaques after peritoneal injection 

of JWH-133 (the selective CB2 agonist).21 Similarly, pre-

incubation with JWH-133 reduced release of MMP9 by 

intra-plaque neutrophils cultured in vitro.21 Furthermore, 

cannabinoids inhibited glioma metastasis and cell invasion 

by down-regulation of MMP2.5 Finally, the treatment with 

CB1 agonist (arachidonyl-2′-chloroethylamide) improved the 

outcomes in spinal cord injury, and its effect was mediated 

by attenuating MMP9 proteolytic activity.20

The direct inhibition of MMPs using small molecules 

proved to be insufficient in clinical conditions.8,9 Therefore, 

the idea of using cannabinoid receptors as mediators of 

MMPs activity appears to be very tempting. In our study, 

OA-related alterations in MMP expression were observed 

from the very beginning. Thus, early interventions targeting 

the local reservoir of CB1 and CB2 receptors may not only 

exert an analgesic effect during the inflammatory phase 

of the disease but may also prevent cartilage breakdown. 

Consequently, the development of chronic pain associated 

with the later stages of OA would be attenuated. Notably, 

transcriptional and protein alterations can be considered as 

two different levels of molecular regulation. The protein syn-

thesis and degradation might be compensated; therefore, the 

transcriptional effects do not necessarily have a direct influ-

ence on the measured protein levels. The observed changes 

in gene expression may have functional implications at the 

later time-points. The second phase of the disease progres-

sion is characterized by a robust up-regulation of FAAH, 

COX2 and 15LOX2, with a concomitant increase in CB1 

and CB2 expression. Aiming at the attenuation of AEA-

degrading enzymes to increase the pool of endogenous AEA 

may provide an additional therapeutic solution. Importantly, 

pharmacological blockade of FAAH, COX2 or 15LOX2 

proved to be effective and exert analgesic effect in animal 

models of OA.55,56 Moreover, the elevated levels of CB1 and 

CB2 could be utilized as mediators for MMPs inhibition in 

order to slow down cartilage deterioration. Importantly, a 

dual-acting compound that concomitantly targets the CB2 

receptor and FAAH enzyme is already available, and its 

therapeutic potential needs to be explored.57 Indeed, a multi-

target approach poses a rational strategy in drug research 

and development.58

In summary, this work is the first report describing the 

relationship between the development of OA-related pain and 

expression of functional markers of MMPs and ECS activity in 

the osteoarthritic knee. Our results identified molecular factors 

associated with biphasic progression of OA-related pain. We 

also speculate about potential sources of enhanced nociceptive 

signaling during development of OA pain. Our correlation 

data, together with literature premises about ECS-mediated 

MMPs neutralization activity opens a new way to search for a 

disease-modifying osteoarthritis drug. We assume that indirect 

ECS-driven MMP inhibition with simultaneous local activa-

tion of ECS would be useful for managing both enhanced pain 

signaling and cartilage deterioration. This study supports the 

utility of alternative biological mechanisms favoring the use of 

endocannabinoid compounds in the treatment of OA-related 

chronic pain. However, further thorough evaluation is needed 

to confirm this new mechanism, molecular pathways engaged 

and its therapeutic potential.
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Supplementary materials

Table S1 Mean CT values for all genes under investigation

Gene description Gene 
symbol

Time after MIA injection

Day2 Day 7 Day 14 Day 21 Day 28

Reference gene Hprt1 25.13±0,12 25.38±0.17 25.78±0.21 25.78±0.17 26.04±0.14
Progression markers Sox9 32.56±0.37 29.86±0.23 32.53±0.55 31.41±0.42 31.16±0.27

Comp 25.65±0.41 21.67±0.26 23.16±0.41 22.95±0.44 22,72±0.23
MMPs/TIMPs Mmp3 24.27±0.30 23.57±0.27 23.47±0.38 23.37±0.27 24.03±0.15

Mmp9 27.27±0,55 25.74±0.25 25.64±0.58 25.50±0.38 25.57±0.19
Mmp13 26.36±0.46 25.95±0.37 24.60±0.54 24.28±0.36 24.46±0.18
Timp1 24.23±0.28 23.81±0.57 24.57±0.50 24.04±0.35 24.16±0.16
Timp2 24.94±0.18 23.29±0.23 24.34±0.34 24.14±0.29 24.09±0.17

ECS receptors Cb1 32.56±0.18 32.46±0.28 33.11±0.33 32.90±0.17 33.35±0.20
Cb2 32.03±0.30 32.54±0.43 33.66±0.54 33.28±0.31 33.82±0.20

EC synthesis Napepld 30.55±0.20 30.62±0.40 31.23±0.36 31.19±0.27 31.21±0.13
Pla2g2a 27.66±0.27 28.71±0.39 28.14±0.45 28.61±0.32 29.02±0.19
Plcb1 28.53±0.25 28.26±0.47 28.51±0.37 28.54±0.43 28.40±0.24
Gde1 25.64±0.19 25.87±0.50 26.06±0.38 25.71±0.26 25.50±0.17

EC degradation Faah 33.62±0.32 33.20±0.31 34.19±0.41 34.01±0.32 34.25±0.25
Ptgs2 30.02±0.32 28.93±0.53 30.21±0.49 29.77±0.36 29.11±0.22
Alox 12 31.23±0.59 31.48±0.52 31.70±0.76 31.20±0.46 32.21±0.21
Alox 15 28.61±0.62 30.13±0.58 30.38±0.74 30.50±0.56 31.10±0.28

Notes: Transcripts abundance levels of selected genes in joint tissue samples were assessed by quantitative polymerase chain reaction. Total RNA samples were collected 
2, 7, 14, 21 and 28 days after osteoarthritis induction. The CT values are presented as a mean and SEM (n = 8–10).
Abbreviations: CT, cycle treshold; EC, endocannabinoid; ECS, endocannabinoid system; MMP, matrix metalloproteinase; SEM, standard error of the mean; TIMP, tissue 
inhibitors of metalloproteinase.
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Figure S1 Raw images of all the WB immunoblots.
Notes: A set of 30 samples was loaded on two gels as indicated in the scheme (A). Gels and respective membrane were processed simultaneously and in parallel during 
the WB procedure. (B–N) Images of all performed immunoblots. Molecular weights of the investigated proteins and standard ladder are indicated on the left and right, 
respectively. For some immunoblots with >1 visible band, bands taken into consideration have been indicated with white arrows.
Abbreviations: COMP, cartilage oligomeric matrix protein; MMP, matrix metalloproteinase; TIMP, tissue inhibitors of metalloproteinase; WB, Western blotting; FAAH, 
fatty acid amide hydrolase; NAPE-PLD, N-acyl phosphatidylethanolamine phospholipase D.
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MMP and ECS expression profiles in rat osteoarthritic joint

Figure S2 MMP2 protein expression measurement in OA-affected rat cartilage during disease progression.
Notes: Altered protein expression of MMP2 in OA rats during 28 days of disease progression determined by immunoblotting. Samples were collected before MIA injection 
and 2, 7, 14, 21 and 28 days after OA induction. The results are presented as fold of change (mean ± SEM) in comparison to the intact group (n=5). Representative bands from 
each group are presented below the charts. Statistical analysis was performed using one-way analysis of variance followed by Bonferroni post hoc test; values with p<0.05 
were considered significant. *Denotes significant differences vs. int (before OA induction).
Abbreviation: MIA, monoiodoacetate; MMP, matrix metalloproteinase; OA, osteoarthritis; int, intact animals; SEM, standard error of the mean.
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