
MOLECULAR MEDICINE REPORTS  16:  5303-5311,  2017

Abstract. Tribulus terrestris L. (T. terrestris) has been 
used as a traditional medicine for the treatment of diuretic, 
lithontriptic, edema and urinary infections. Previous studies 
have indicated that it is effective in improving inflammation 
by regulating tumor necrosis factor‑α (TNF)‑α, interleukin 
(IL)‑6, IL‑10, nitric oxide (NO) and cyclooxygenase (COX)‑2. 
However, the effects and mechanism of action of T. terrestris 
on osteoarthritis (OA) remain unknown. Therefore, the present 
study aimed to evaluate the effects of the ethanolic extract of T. 
terrestris (ETT) in a monosodium iodoacetate (MIA)‑induced 
OA animal model. OA was induced in LEW/SSNHSD rats 
by intra‑articular injection of MIA. Morphometric changes 
and parameters of the tibial trabecular bone were deter-
mined using micro‑computed tomography. The molecular 
mechanisms of ETT in OA were investigated using reverse 
transcription‑polymerase chain reaction, western blotting 
and gelatin zymogram analysis. Treatment with ETT attenu-
ated MIA‑induced OA, and this effect was mediated by the 
downregulation of NO synthase 2, COX‑2, TNF‑α and IL‑6. 
Furthermore, the ETT‑mediated attenuation of OA was also 

dependent on the expression of matrix metalloproteinases‑2 
and ‑9. The results of the current study indicate that further 
evaluation of the mechanisms underlying the attenuation of 
MIA‑induced OA by ETT are required, and may support the 
development of ETT as a potential therapeutic agent for the 
treatment of inflammatory diseases such as OA.

Introduction

Arthritis is a disorder involving the inflammation of one or 
more joints. The most common form of arthritis is osteoar-
thritis (OA), which is a degenerative joint disease characterized 
by progressive articular cartilage damage in multiple joints (1) 
and is associated with inflammation. Other forms include 
rheumatoid and psoriatic arthritis, which are classed as auto-
immune diseases (2‑6). OA is a major public health problem, 
and the occurrence of OA‑associated disability is expected to 
increase globally in the aging population over the next decade, 
owing to increased life expectancy. Furthermore, OA is more 
prevalent with advancing age; however, studies on inflamma-
tion induced by various factors have demonstrated that it can 
occur in the young population as well (7,8). OA is induced by 
several complex mechanisms, including progressive erosion of 
articular cartilage, destruction of joints and disruption of the 
cartilage network (9). It affects the articular cartilage as well 
as the whole joint, including the muscles and the subchondral 
bone (10,11). Furthermore, it changes the subchondral bone 
formation, leading to sclerosis with underlying damaged 
cartilage and occasional joint inflammation, which alters the 
morphology of several cell types (10,11). Currently, studies 
of complicated OA are performed in animal models, which 
monitor the disease progression and test drug candidates using 
imaging technology (12,13). Previous studies demonstrated 
that monosodium iodoacetate (MIA), a metabolic inhibitor, 
induced OA following intra‑articular injection. MIA has been 
reported to disrupt glycolysis, and the subsequent cell death 
and loss of chondrocytes results in morphological changes in 
the knee joint of animal models that are similar to those of 
human OA (12,14,15).

Cyclooxygenase (COX)‑2 belongs to the family of 
prostaglandin endoperoxide synthases and is involved in 
the conversion of arachidonic acid to prostaglandin H2, an 
important inflammatory mediator (16‑18). COX‑2 has been 
reported to be involved in a wide range of inflammatory 
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diseases, and its inhibition has been actively studied. In 
particular, anti‑inflammatory therapeutic agents have been 
developed, such as celecoxib, which is a specific inhibitor 
of COX‑2. Drug development studies for the treatment of 
OA have also actively targeted COX‑2 (19‑21). Furthermore, 
nonsteroidal anti‑inflammatory drugs (NSAIDs), which 
exhibit considerable efficacy in the treatment of OA, have been 
developed. However, the currently approved OA therapeutic 
agents frequently lead to gastrointestinal intolerance and 
irritation  (22,23). Therefore, further understanding of the 
molecular mechanisms of anti‑inflammatory actions may 
facilitate the development of therapies for OA with minimal 
side‑effects.

Tribulus terrestris L. is a member of the caltrop family 
(Zygophyllaceae) and it has been used as a traditional folk 
medicine for the treatment of inflammation, high blood pres-
sure, edema, urinary infections and other ailments in China, 
India and other countries  (24‑27). Various phytochemical 
studies have demonstrated that T. terrestris contains flavonoids, 
steroidal saponins and lignanamides  (28‑32). In addition, 
studies have demonstrated that the extracts of T. terrestris 
have vasodilatory, anti‑apoptotic and antioxidant properties, 
and may have effects on cardiovascular disease, hypertension, 
diabetes, cancer and fungal infections (33‑38). Previous studies 
have also indicated that T. terrestris is effective in treating 
tracheitis, edema and inflammation, as well as protecting joints 
against inflammatory damage (39,40). However, the effects 
and molecular mechanisms of T. terrestris on OA are currently 
unknown. Therefore, the present study evaluated the effects of 
the ethanolic extract of the fruits of T. terrestris (ETT) on an 
MIA‑induced OA animal model, and aimed to elucidate the 
associated signaling pathways mediating its effect.

Materials and methods

Reagents. MIA was purchased from Sigma‑Aldrich (Merck 
KGaA, Darmstadt, Germany). Rabbit anti‑nitric oxide synthase 
(NOS) 2 (1:1,000; catalog no.  13120), rabbit anti‑COX‑1 
(1:1,000; catalog no.  4841), rabbit anti‑COX‑2 (1:1,000; 
catalog no.  12282), rabbit anti‑matrix metalloproteinase 
(MMP)‑2 (1:1,000; catalog no.  4022), rabbit anti‑MMP‑9 
(1:1,000; catalog no. 3852), rabbit anti‑phospho‑extracellular 
signal‑regulated kinase (p‑ERK; 1:1,000; T202/Y204; catalog 
no. 9101) and rabbit anti‑ERK (1:1,000; catalog no. 9102) were 
purchased from Cell Signaling Technology, Inc. (Danvers, 
MA, USA), whereas the mouse anti‑β‑actin (1:1,000; catalog 
no. sc‑47778), and mouse (catalog no. sc‑2005) and rabbit 
(catalog no. sc‑2004) IgG‑horseradish peroxidase‑conjugated 
antibodies were purchased from Santa Cruz Biotechnology, 
Inc. (Dallas, TX, USA). Celebrex was purchased from Pfizer, 
Inc. (New York, NY, USA) and Joins was purchased from SK 
Chemicals (Seongnam, Korea).

Preparation of natural product extracts. The dried fruits of T. 
terrestris plant material were purchased from the Kyeongdong 
Oriental Herbal Store (Seoul, Korea) in March 2012, and iden-
tified by Professor Joa Sub Oh (College of pharmacy, Dankook 
University, Cheonan, Korea). A voucher specimen (G46) was 
deposited at the Bio‑center herbarium of the Gyeonggi Institute 
of Science and Technology Promotion (Suwon, Korea). The 

air‑dried and crushed fruits of T. terrestris (10  kg) were 
pulverized and extracted with 80% ethanol (EtOH; 3x18l) at 
24˚C (twice a day for 2 days).

Animals and treatments. Female, 4‑week‑old LEW/SSNHSD 
rats (Envigo Ltd., Indianapolis, IN, USA) weighing 120‑130 g 
(n=50) at the start of the experiment, were used. They were 
kept in a sanitary ventilated animal room at a controlled 
temperature (21±1˚C) and a 12 h light‑dark cycle, and were 
fed standard diets (Envigo Ltd.) with water available freely 
available. The procedures used in the current study complied 
with the guidelines of the Institutional Animal Care and Use 
Committee of Bio‑center of the Gyeonggi Institute of Science 
and Technology Promotion. Following acclimatization to SPF 
system conditions for 1 week, rats were divided into six groups 
(n=7 per group) as follows: Normal (injection of saline); 
vehicle (injection of 1.0  mg MIA); MIA (1.0  mg)  +  ETT 
(200 mg/kg/day); MIA (1.0 mg) + ETT (400 mg/kg/day); MIA 
(1.0 mg) + Joins (200 mg/kg/day); and MIA (1.0 mg) + Celebrex 
(100 mg/kg/day). To induce arthritis with MIA, rats were 
anesthetized with 1% isoflurane in O2 at a flow rate of 1 l/min 
and a single percutaneous intra‑articular injection of 1.0 mg of 
MIA was administered, which was dissolved in physiological 
saline and administered in a 50 µl volume using a 31 gauge 
6‑mm needle. Each experimental group was administered 
orally with either saline, 200 or 400 mg/kg ETT, 100 mg/kg 
Celebrex (Pfizer, Inc., NY, USA) or 200 mg/kg Joins (SK 
Chemicals) once daily for 4 weeks after the MIA injection. 
All experimental procedures in the protocol were approved by 
the Gyeonggi Institute of Science and Technology Promotion 
Institutional Animal Care and Ethical Use Committee 
(approval no. 2014‑02‑0005) and were in compliance with the 
Guide for the Care and Use of Laboratory Animals, Gyeonggi 
Institute of Science and Technology Promotion Institutional 
certificates, Association for Assessment and Accreditation of 
Laboratory Animal Care International (http://www.aaalac.
org/resources/Guide_2011.pdf).

Micro‑computed tomography (micro‑CT). The in  vivo 
micro‑computed tomography (micro‑CT) imaging was 
performed using a micro‑CT (Inveon™; Siemens Healthcare 
Ltd., Surrey, UK). Each rat was anesthetized with 1% isoflu-
rane in O2 and placed on the scanner bed in a prone position. 
The total scanning time was 5 min during which the rat was 
anesthetized, and the scans were performed using the following 
settings: X‑ray source voltage, 60 kVp; current, 400 µA; and 
a 1 mm thick aluminum filter was used to reduce beam‑har 
dening artifact. The pixel size was 38.7 µm, exposure time was 
400 ms and the rotation step was 1˚ with a complete rotation 
over 201 .̊ The CT images were reconstructed using COBRA 
reconstruction software version 6.3.39 (Exxim Computing 
Corporation; Pleasanton, CA, USA). The CT reconstruction 
protocol used a downsampling factor of 1 and was set to 
interpolate bilinearly using a Shepp‑Logan filter. Siemens 
Inveon™ Research Workplace software version 4.2; (Siemens 
Healthcare Ltd.) was used for visualization and analysis.

Bone morphometric analysis. The effect of OA treatment was 
investigated by bone morphometric analysis. Briefly, a cylinder 
was selected in the metaphysis of the tibia that contained the 
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trabecular bone, and the bone volume was calculated. The bone 
volume fraction, which describes the ratio of bone volume 
to total volume (BV/TV) as well as the trabecular thickness 
(Tb.Th), the bone surface area over bone volume (BS/BV) and 
trabecular spacing (Tb.Sp) were determined for the trabecular 
bone. Siemens Inveon™ Research Workplace software version 
4.2 (Siemens Healthcare Ltd.) was used for visualization and 
analysis.

Western blot analysis. Articular rat cartilage samples were 
collected 4 weeks after the MIA injection, pulverized and then 
lysed by incubation in 50 mM Tris‑HCl (pH 7.4), 150 mM 
sodium chloride (NaCl), 10% glycerol, 1% Triton X‑100, 1 mM 
EDTA, 100 µg/ml 4‑(2‑aminoethyl) benzenesulfonyl fluoride, 
10 µg/ml aprotinin, 1 µg/ml pepstatin A, 0.5 µg/ml leupeptin, 
80 mM β‑glycerophosphate, 25 mM sodium fluoride and 1 mM 
sodium orthovanadate for 30 min at 4˚C. The tissue lysates 
were clarified by centrifugation at 12,500 x g for 20 min at 
4˚C, and the supernatants were analyzed using western blot 
analysis. Total protein was quantified using a Bradford assay 
(Bio‑Rad Laboratories, Hercules, CA, USA) with bovine 
serum albumin (BSA, Sigma‑Aldrich) as the standard. A total 
of 40 µg protein was loaded onto 10% gels and subjected to 
SDS‑PAGE via the BioRad Mini Protean® 3 system (Bio‑Rad 
Laboratories), and transferred onto nitrocellulose membranes 
(Sigma‑Aldrich). Membranes were blocked with 5% BSA 
(Sigma‑Aldrich) in PBS/0.025% Tween 20 (PBST) for 1 h at 
room temperature. The primary antibodies used were specific 
for NOS2, COX‑1, COX‑2, MMP‑2, MMP‑9, p‑ERK and ERK. 
These were diluted in 5% BSA in PBST and incubated with 
the membranes overnight at 4˚C. Secondary antibodies were 
applied at a 1:2,000 dilution in 5% BSA in PBST and incubated 
for 1 h at room temperature. Membranes were subsequently 
processed for detection with the Supersignal® West Pico 
Chemiluminescent Substrate (Thermo Fisher Scientific, Inc., 
Waltham, MA, USA), using the Amersham™ Imager 600 and 
image analysis software version 0.4.4 (GE Healthcare Life 
Sciences, Chalfont, UK). Experiments were performed at 
least three times. Gels from one independent experiment are 
demonstrated in the present study.

RNA purification and reverse transcription‑polymerase chain 
reaction (RT‑PCR). Articular rat cartilage samples were 
pulverized and the total RNA was extracted using TRIzol® 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's protocol. The integrity of the RNA was 
evaluated using agarose gel electrophoresis and ethidium 
bromide staining. Briefly, 1 µg RNA was used as a template for 
each RT‑PCR, using the SuperScript® III First‑Strand Synthesis 
System and Platinum® PCR SuperMix which contains Taq 
DNA polymerase (Invitrogen; Thermo Fisher Scientific, Inc.), 
according to the manufacturer's protocol. Primers for the PCR 
were synthesized by Bioneer Corporation (Daejeon, Korea) 
and the sequences were as follows: COX‑1, 5'‑CTC​ACA​GTG​
CGG​TCC​AAC‑3' (forward) and 5'‑CAG​CAC​CTG​GTA​CTT​
AAG‑3' (reverse); COX‑2, 5'‑TGT​ATG​CTA​CCA​TCT​GGC​
TTC​GG‑3' (forward) and 5'‑GTT​TGG​AAC​AGT​CGC​TCG​
TCA​TC‑3' (reverse); NOS2, 5'‑CAT​TGG​AAG​TGA​AGC​GTT​
TCG‑3' (forward) and 5'‑CAG​CTG​GGC​TGT​ACA​AAC​CTT‑3' 
(reverse); tumor necrosis factor (TNF)‑α, 5'‑CCT​CCC​TCT​

CAT​CAG​TTC​TA‑3' (forward) and 5'‑CAG​AGA​GGA​GGT​
TGA​CTT​TC‑3' (reverse); interleukin (IL)‑6, 5'‑AGA​GGA​GAC​
TTC​ACA​GAG​GA‑3' (forward) and 5'‑CCA​GTT​TGG​TAG​
CAT​CCA​TC‑3' (reverse); MMP‑2, 5'‑ACA​TCT​TTG​CAG​GAG​
ACA​AG‑3' (forward) and 5'‑AAG​CCA​CCC​TCT​TAA​ATC​
TG‑3' (reverse); MMP‑9, 5'‑CGC​TCA​TGT​ACC​CGC​TGT​AT‑3' 
(forward) and 5'‑TGT​CTG​CCG​GAC​TCA​AAG​AC‑3' (reverse); 
and GAPDH, 5'‑GTA​TGA​CTC​CAC​TCA​CGG​CAA​A‑3' 
(forward) and 5'‑GGT​CTC​GCT​CCT​GGA​AGA​TG‑3' (reverse). 
RT‑PCR amplification was performed using MyGene™ Series 
Peltier Thermal Cycler (LongGene® Scientific Instruments Co., 
Ltd., Hangzhou, China) and AccuPower® Pfu PCR PreMix 
(Bioneer Corporation). Cycling conditions were as follows: 
An initial predenaturation step at 95˚C for 5 min, followed 
by 25 cycles of denaturation at 95˚C for 30 sec, annealing at 
55 and 60˚C for 40 sec, extension at 72˚C for 60 sec, and a 
final extension step at 72˚C for 10 min. PCR products were 
electrophoresed on a 1% agarose gel and stained with ethidium 
bromide. Bands were captured using a ChemiDoc™ XRS 
system (Bio‑Rad Laboratories) and quantified using Quantity 
One software version 4.6.3 (Bio‑Rad Laboratories). Data was 
compared with the housekeeping gene GAPDH.

Zymogram analysis. The activities of the MMPs were measured 
using zymography (41). Briefly, proteins were extracted from 
pulverized cartilage tissue and separated using 8% SDS‑PAGE 
with gels containing 1 mg/ml gelatin (Sigma‑Aldrich). Gels 
were subsequently incubated in 2.5% Triton X‑100 for 1 h 
at room temperature to remove the SDS and renature the 
MMPs, and were incubated in developing buffer containing 
50  mM Tris‑HCl (pH 7.5), 10  mM calcium chloride, and 
150 mM NaCl for 16 h at 37˚C. The gels were stained with 
0.5% Coomassie Brilliant Blue R‑250 in methanol:acetic acid 
(30:10) for 3 h at room temperature, followed by destaining 
with methanol:acetic acid (30:10). The gelatinolytic activities 
were detected as unstained bands against the background of 
the Coomassie Blue‑stained gel.

Histology. For histological analysis, rat knee joints were 
removed, fixed in 10% neutral‑ buffered formalin and 
subsequently decalcified with 10% formic acid for 48 h at 
room temperature and embedded in paraffin. Subsequently, 
5 µm thick frontal sections of the medial aspect of the knee 
joints were cut. Hematoxylin and eosin (H&E) staining was 
performed to investigate inflammatory infiltrates in the 
knee joints and surrounding tissues, and Masson's trichrome 
staining was performed to determine the degeneration of 
cartilage. Staining was performed at room temperature and 
tissues were observed under a light microscope.

Statistical analysis. Statistical analysis was performed by a 
Student's t‑test using Microsoft Excel 2007 software (Microsoft 
Corporation, Redmond, WA, USA). Results are presented 
as the mean ± standard deviation. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Cartilage and subchondral bone changes. To investigate the 
effects of ETT in OA, an MIA rat model of OA was established 
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as described in the materials and methods section. The rats 
were subjected to the first micro‑CT scan at 2 and 4 weeks after 
the MIA injection, and the cartilage damage and subchondral 
bone erosions in the knee joints were visualized (Fig. 1A).  

All rats exhibited pathological bone changes in the 
MIA‑injected knee after 4 weeks, whereas the normal knees 
had no OA‑like changes in the bone throughout the study. The 
morphological changes were more evident and the cartilage 

Figure 1. Morphological and histological results in a MIA‑induced rat OA model. (A) Micro‑CT images of MIA‑injected joints demonstrate severe damage 
with rough edges around the tibia and femur, indicative of bone lysis and swelling in the vehicle group. Damage was visibly reduced by treatment with 
ETT, Joins and Celebrex (400, 200 and 100 mg/kg, respectively). (B) Morphometric parameters of tibial trabecular bone determined using micro‑CT. After 
2 weeks, no significant differences in morphometric parameters were observed in the trabecular bone region between vehicle and treated groups. At 4 weeks 
post‑injection, BV/TV and Tb.Th were significantly increased, whereas BS/BV and Tb.Sp were significantly decreased by treatment with ETT, Joins and 
Celebrex (400, 200 and 100 mg/kg, respectively), compared with the vehicle group. Histopathological analysis of an OA lesion in the knee joint of rats 4 weeks 
after intra‑articular injection of MIA presenting (C) hematoxylin and eosin staining and (D) Masson's trichrome staining of the cartilage of knee joints of 
rats 4 weeks after MIA injection. Magnification, x25. *P<0.05 and **P<0.01 vs. vehicle group. MIA, monosodium iodoacetate; OA, osteoarthritis; micro‑CT, 
micro‑computed tomography; ETT, ethanolic extract of Tribulus terrestris; BV/TV, bone volume fraction; Tb.Th, trabecular thickness; BS/BV, bone surface 
area/bone volume; Tb.Sp, trabecular spacing; wk, weeks.
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exhibited rougher edges in the vehicle group (MIA injec-
tion only) compared with the treated groups. Morphological 
changes in the vehicle group were visibly reduced by treatment 
with ETT (400 mg/kg) and Celebrex (100 mg/kg). The basic 
method of quantitatively describing bone architecture involves 
the calculation of morphometric parameters, which can be 
computed using software available from several micro‑CT 
manufacturers. The BV/TV is the ratio of the segmented BV to 
the TV of the region of interest, and the specific BS (BS/BV) is 
the ratio of the segmented BS to the segmented BV. The Tb.Th 
and Tb.Sp values denote the thickness of the trabeculae and 
the distance in between the trabeculae, which were assessed 
using direct 3D methods (15,42).

Bone structure analysis 4 weeks after the MIA injection 
demonstrated marked changes in the architecture, which were 
indicative of osteoarthritic joint destruction. At 4 weeks, there 
was a significant increase in the BV/TV and Tb.Th of the ETT 
400 mg/kg‑, Joins‑ and Celebrex‑treated groups compared 
with the vehicle‑treated group (P<0.05; Fig. 1B). In addition, 
the Tb.Sp and BS/BV were significantly lower in the ETT 
400 mg/kg‑, Joins‑ and Celebrex‑treated groups compared 
with the vehicle‑treated group (P<0.05; Fig. 1B). Therefore, 
MIA induction of OA‑like effects was reduced by ETT treat-
ment. Furthermore, at 2 weeks, no statistically significant 
differences were observed in the structural parameters of 
all the groups. At 4 weeks after the MIA treatment, H&E 
staining revealed cartilage damage accompanied by structural 
degradation and loss of chondrocytes (Fig. 1C). However, 
the cartilage damage was reduced following treatment with 
ETT (400 mg/kg) compared with the vehicle‑treated group. 
Masson's trichrome staining also revealed proteoglycan and 
collagen degradation of the cartilage tissue of MIA‑injected 

rats in the vehicle group (Fig. 1D). In addition, the degradation 
of proteoglycan and collagen was reduced by treatment with 
ETT (400 mg/kg) compared with the vehicle‑treated group. 
The results indicate that ETT reduced MIA‑induced OA, and 
the effects of ETT at 400 mg/kg were similar to those of Joins 
and Celebrex.

ETT suppresses MIA‑induced OA by modulating NOS2 
and COX‑2 expression. The regulatory effect of ETT on 
MIA‑induced OA was examined by analyzing the changes 
in NOS2 and COX‑2 expression, which are important media-
tors of inflammation and the development of OA requires 
their induction (43,44). To examine the inhibitory effects of 
ETT on mRNA and protein expression of NOS2 and COX‑2, 
RT‑PCR and western blot analysis was performed and 
results are presented in Fig. 2. ETT markedly suppressed the 
mRNA (Fig. 2A) and protein (Fig. 2B) expression of NOS2 
and COX‑2 in the MIA‑induced OA tissue compared with 
the vehicle‑treated group. In addition, treatment with Joins 
and Celebrex suppressed the expression of NOS2 and COX‑2 
in response to MIA stimulation, indicating that ETT may 
contain pharmacologically effective components and possess 
mechanisms of action that are similar to those of the standard 
therapeutic agents, in regulating MIA‑induced OA. The results 
indicate that ETT downregulated the expression of NOS2 and 
COX‑2 proteins compared with the vehicle‑treated group, and 
thereby attenuated MIA‑induced OA.

Anti‑OA activities of ETT are mediated by inhibiting inflam‑
matory cytokines and mitogenic signaling pathways. To 
further investigate the molecular mechanisms by which 
ETT inhibits OA, the changes in the mRNA expression and 

Figure 2. ETT suppressed MIA‑induced inflammatory enzyme expression. (A) COX‑2 and NOS2 mRNA and quantification. (B) Protein expression in the 
cartilage of rat knee joints 4 weeks after MIA injection. Densitometric analysis of western blot results for NOS2, COX‑1 and COX‑2 is demonstrated. Results 
represent at least three independent experiments. *P<0.05 and **P<0.01 vs. vehicle group. ETT, ethanolic extract of Tribulus terrestris; MIA, monosodium 
iodoacetate; COX, cyclooxygenase; NOS, nitric oxide synthase.
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Figure 3. ETT suppressed pro‑inflammatory cytokine expression in MIA‑induced osteoarthritis. (A) TNF‑α and IL‑6 mRNA expression and quantification. 
(B) Phosphorylated ERK protein levels in the cartilage of rat knee joints 4 weeks after MIA injection, as demonstrated by western blotting and densitometric 
analysis. Results represent at least three independent experiments. *P<0.05 and **P<0.01 vs. vehicle group. ETT, ethanolic extract of Tribulus terrestris; MIA, 
monosodium iodoacetate; TNF‑α, tumor necrosis factor‑α; IL, interleukin; ERK, extracellular signal‑regulated kinase; p‑ERK, phosphorylated ERK.

Figure 4. ETT reduced MIA‑induced MMP‑9 and MMP‑2 expression. (A) MMP‑9 and MMP‑2 mRNA and quantification. (B) Protein expression in the 
cartilage of rat knee joints 4 weeks after MIA injection, as demonstrated by western blotting and densitometric analysis. (C) Gelatin zymogram analysis using 
tissue lysates. Zymogram gel loading was normalized to total protein concentration. Results represent at least three independent experiments. *P<0.05 and 
**P<0.01 vs. vehicle group. ETT, ethanolic extract of Tribulus terrestris; MIA, monosodium iodoacetate; MMP, metalloproteinase.
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the phosphorylation of inflammatory cytokines, including 
TNF‑α, IL‑6 and ERK, which play pivotal roles in inflam-
mation (42,45,46) were examined. As demonstrated in Fig. 3, 
MIA stimulation markedly increased the mRNA expression of 
TNF‑α and IL‑6, and the phosphorylation of ERK compared 
with the untreated group. By contrast, ETT treatment reduced 
the expression of TNF‑α and IL‑6, and the phosphorylation 
of ERK compared with the vehicle‑treated group. Although 
certain differences were observed compared with Joins and 
Celebrex, the inhibitory effect of ETT was similar to these 
agents. Combined, the results demonstrate that the suppres-
sion of OA by ETT may be mediated by the inhibition of the 
expression of inflammatory cytokines, including TNF‑α and 
IL‑6, as well as inactivation of ERK signaling pathways.

ETT suppresses MMP‑2 and MMP‑9 expression in 
MIA‑induced OA. The expression and activation of MMPs has 
been reported to promote inflammatory responses, including 
rheumatoid arthritis and OA. In particular, MMP‑2 and 
MMP‑9 have been previously reported to be associated with 
OA (47). To examine the molecular mechanism underlying the 
regulatory effects of ETT in OA, the changes in the mRNA and 
protein expression of MMP‑2 and MMP‑9 in MIA‑induced 
OA was examined, and it was observed that ETT treatment 
dose‑dependently reduced their expression compared with 
the vehicle‑treated group (Fig. 4A and B). In addition, Fig. 4C 
demonstrates that ETT treatment reduced MIA‑induced acti-
vation of MMP‑2 and MMP‑9 in MIA‑induced OA tissue. This 
inhibitory effect of ETT was similar to that observed following 
treatment with Joins and Celebrex. Collectively, the results 
indicate that the inhibitory effects of ETT in MIA‑induced OA 
may be mediated by the suppression of MMP‑2 and MMP‑9 
expression.

Discussion

T. terrestris is used as a traditional medicine and has been 
demonstrated to be effective in the treatment of various condi-
tions, including diabetes, cardiovascular and fungal disease. 
These effects are supported by a previous study that revealed 
antioxidant, antiedema and anti‑inflammatory activities of T. 
terrestris (37,39,40). However, to the best of our knowledge, 
the present study is the first to report the effects and molecular 
mechanisms of action of T. terrestris against OA.

The current study investigated the protective effects of 
ETT on cartilage and its molecular mechanisms of action in 
an MIA‑induced OA rat model. Micro‑CT has revolutionized 
the application of animal models in arthritis research and has 
become the standard for the evaluation of bone morphology 
and bone structure in these models. Furthermore, the advance 
in 3D imaging techniques, such as micro‑CT, has provided an 
accurate, non‑invasive tool for measuring microstructure (48). 
Therefore, the present study performed micro‑CT to confirm 
the cartilage protective effect of ETT treatment. A previous 
study reported a decrease in the BV/TV and Tb.Th, with an 
increase in BS/BV and Tb.Sp in OA following treatment (49), 
results which were similar to the results obtained in the 
present study. Specifically, the present study demonstrated that 
the BV/TV and Tb.Th were significantly increased, while the 
BS/BV and Tb.Sp were significantly decreased in the ETT 

400 mg/kg‑treated group compared with the vehicle‑treated 
group. Therefore, ETT treatment (400 mg/kg) enhanced the 
maintenance of the BV/TV and Tb.Th, as well as the recovery 
of BS/BV and Tb.Sp compared with Joins treatment (Fig. 1).

In our previous study, we demonstrated for the first time 
that two new furostanol glycosides, termed terrestinones 
A1/A2 (1a/1b), isolated from ETT (50), and N‑trans‑ρ‑caffeoyl 
tyramine isolated from ETT, inhibited macrophage‑mediated 
inflammatory responses  (51). Furthermore, our previous 
in vitro data demonstrated that the anti‑inflammatory effects 
of N‑trans‑ρ‑caffeoyl tyramine were mediated by the regula-
tion of pro‑inflammatory cytokines, including TNF‑α, IL‑6, 
IL‑10, NO, COX‑2 and c‑Jun N‑terminal kinase activity 
in lipopolysaccharide‑stimulated RAW 264.7 cells  (51). 
These in vitro results support the therapeutic usefulness of 
ETT for development as a treatment for OA. Similar to the 
previous results, the present study confirmed that ETT inhib-
ited MIA‑induced NOS2, COX‑2, TNF‑α and IL‑6 mRNA 
and protein expression, as well as the activation of ERK in 
our in vivo OA model (Figs. 2 and 3).

MMPs belong to a family of zinc‑dependent endopeptidases 
that regulate the proteolytic degradation of the extracellular 
matrix and have a pivotal role in various processes, including 
cancer progression, tumor angiogenesis and the release of 
growth factors  (52,53). Previous studies have reported that 
MMPs are associated with OA and, in particular, MMP2 and 
MMP9 have been reported to be closely involved. The levels 
of MMP‑2 have been reported to increase in OA cartilage and 
bone, which are the gene products of human adult articular 
chondrocytes (54). MMP‑9 was previously demonstrated to 
be highly expressed in severe OA, which was associated with 
high blood vessel infiltration compared with early OA (55). The 
present study demonstrated that ETT treatment dose‑depend-
ently reduced MIA‑induced mRNA and protein expression, 
and activation of MMP‑2 and MMP‑9 (Fig. 4). In addition, the 
improvements in the BV/TV ratio and Tb.Th, as well as the 
decrease in the BS/BV and Tb.Sp, caused by Celebrex were 
observed to accompany a decrease in tissue MMPs, which is a 
biochemical marker of bone remodeling (56‑58). Furthermore, 
the results of the present study indicate that COX‑2 inhibi-
tion may reduce osteoclast activation caused by MMP‑2 and 
MMP‑9. In addition, COX‑2 is involved in the inhibition of bone 
destruction, which is associated with the changes in trabecular 
microstructure associated with the progression of OA.

The present study demonstrates for the first time that 
ETT attenuated MIA‑induced OA. Furthermore, the anti‑OA 
activities of ETT were demonstrated to be mediated by the 
inhibition of MIA‑induced expression of NOS2, COX‑2, 
TNF‑α and IL‑6. In addition, ETT markedly suppressed 
the phosphorylation of ERK, and decreased MIA‑induced 
expression and activation of MMP‑2 and MMP‑9. Notably, the 
effects of ETT on the MIA‑induced OA were similar to those 
of the control drugs, Joins and Celebrex. Joins is a complex 
natural product consisting of Prunella vulgaris, Trichosanthes 
kirilowii root extract and Clematis florida, while Celebrex is 
a prescription drug, which inhibits COX‑2. Current treatment 
options for OA are limited, and include symptom manage-
ment with simple analgesics, NSAIDs, corticosteroids and 
opiates. Non‑pharmacological therapies range from physical 
exercise and weight loss to joint lavage and eventually, surgical 
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intervention may be employed (59). Although NSAIDs are 
reasonably safe drugs, they all possess potential side‑effects, 
which include heart attack, stroke and stomach bleeding (60). 
Treatment of OA has increasingly involved the use of COX‑2 
inhibitors more than NSAIDs  (61). Therefore, ETT may 
be a useful candidate for the development of the first single 
natural‑based medicine for the treatment of OA.

In conclusion, the present study investigated the effects of 
the ETT on MIA‑induced OA and demonstrated that it reduced 
MIA‑induced cartilage damage and the erosion of several bone 
surfaces using micro‑CT. In addition, the effect of the ETT was 
confirmed to be similar to that of the COX‑2 inhibitor, Celebrex. 
Furthermore, the anti‑OA activity of ETT is potentially 
mediated by the downregulation of NO, NOS2, COX‑2, TNF‑α 
and IL‑6. Furthermore, ETT‑mediated attenuation of OA may 
also be dependent on the expression of MMP‑2 and MMP‑9. 
The results of the present study indicate that ETT has useful 
effects and has demonstrated potential for development as a 
novel drug for the treatment of the inflammation associated 
with OA and, therefore, warrants further investigation.
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