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Osteoarthritis (OA) is a degenerative joint disease with no curative treatments. Many studies have begun
to demonstrate the efficacy of nutraceuticals for slowing down OA. Animal models are utilized as a
compulsory step in demonstrating the protective potential of these compounds on joint health.
Nevertheless, there exist a wide variety of available OA models and selecting a suitable system for
evaluating the effects of a specific compound remains difficult. Here, we discuss animal studies that have
investigated nutraceutical effects on OA. In particular, we highlight the large spectrum of animal models
that are currently accepted for examining the OA-related effects of nutraceuticals, giving
recommendations for their use.

Introduction
OA is a chronically evolving degenerative disease that affects a

growing number of individuals within our aging population, and

is associated with both a higher risk of comorbidity [1] and a strong

socio-economic burden [2]. The World Health Organization

(WHO) reported in 2003 that approximately 10% of humans over

60-years old displayed significant clinical symptoms of OA, with

>50% of humans over the age of 65 showing radiological evidence

of OA. Moreover, it is predicted that the prevalence of OA will

continue to increase in coming years as the population ages,

especially if preventive measures are not taken.

From a physiopathological viewpoint, OA is a heterogeneous

disease that induces whole-joint damage [3]. It is characterized by

progressive cartilage loss, subchondral bone remodeling, osteo-

phyte formation and a low-grade inflammation that affects all

joint tissues, including the synovium and the infrapatellar fat pad

(IFP) (Fig. 1).

OA begins with re-entry of articular chondrocytes into a pro-

liferative program, leading to the formation of clusters with

increased anabolic activity and upregulated extracellular matrix

synthesis [4]. Eventually, these cells acquire pathological features,

becoming hypertrophic repair-like chondrocytes that display

augmented catabolic activity. These hypertrophic chondrocytes,

along with synovial and immune cells, secrete prostaglandins and

interleukin 1beta (IL1b), which contribute to increased cartilage

catabolism. Ultimately, metabolic homeostasis is then broken

and the degradation of matrix products overwhelms biosynthesis.

This phenomenon primarily results from the synthesis of matrix

metalloproteinases (MMPs) and a disintegrin and metalloprotei-

nase with thrombospondin motifs (ADAMTS), which is associated

with a decrease in the tissue inhibitor of metalloproteinases

(TIMPs) [4]. In addition, overexpressed cytokines lead to an

increased production of nitric oxide (NO), prostaglandin E2

(PGE2) and leukotrienes, which eventually  promote chondrocyte
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apoptosis [5]. In other joint tissues, histological and cellular

disorders can also contribute to altered joint homeostasis [3].

Early changes include hyperplasia of the synovial cells (‘synovi-

tis’), muscle weakness [6] and fibrillation of the meniscal tissue, as

well as thickening of both subchondral bone plate and epiphyseal

spongiosa, which are associated with decreased bone mineral

content [7].

Collectively, the aforementioned events lead to advanced OA,

in which articular cartilage loss is initiated via fibrillation of the

superficial zone followed by cartilage damage. Furthermore, carti-

lage matrix degradation products that are released into the syno-

vial fluid exacerbate inflammation, which results in infiltration of

innate immune cells into joint tissues (synovium and IFP) and

secretion of inflammatory mediators. As the calcified cartilage

zone thickens, the tidemark (i.e. the boundary between calcified

and uncalcified articular cartilage) migrates towards the superficial

zone [8]. Subsequently, the calcified cartilage becomes invaded by

vascular elements, as seen during the endochondral ossification

process [9]. Cartilage vascularization enables the recruitment of

stem cells, which initiate repair processes (i.e. formation of fibrous

cartilage) and lead to an increase in oxygen pressure.

Severe damage of articular cartilage leads to the eburnation of

subchondral bone, which produces an imbalance in the mechani-

cal loading of the joint surface. This is likely to contribute to the

formation of osteophytes at the joint margins.

Current OA management
To date, there is no curative treatment for OA in humans. Therefore,

clinical management focuses only on OA symptoms (e.g. pain and

inflammation), using analgesics and nonsteroidal anti-inflamma-

tory drugs (NSAIDs). However, these approaches do not prevent the

progression of cartilage degradation and can be associated with

adverse effects [10]. Nonpharmacological management currently

represents the first line of therapy for OA and includes approaches

such as weight loss, education, physical therapy or thermal treat-

ment. Nevertheless, when nonpharmacological treatments become

insufficient, pharmacological therapies are used. In this regard,

analgesics (e.g. acetaminophen), NSAIDs (e.g. cyclooxygenase

and/or lipooxygenase inhibitors) and steroidal anti-inflammatories

(SAI) are prescribed to reduce OA-related pain and improve mobility

[11]. Ultimately, failure of nonsurgical strategies can lead to total

knee and hip replacement [12]. For this reason, an active field of
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FIGURE 1

Joint tissue affections in knee osteoarthritis (OA). Osteoarthritic joints are characterized by a loss of articular cartilage, synovitis and synovial hypertrophy, as well as
sclerosis of subchondral bone, which is accompanied by formation of osteophytes at the joint margins.
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research involves the identification of agents that might prevent,

delay or reverse the pathology of OA. Indeed, the emerging role of

nutraceuticals could hold promise in this area [13].

The nutraceutical approach to OA treatment
The term ‘nutraceutical’ combines the words ‘nutrition’ and ‘phar-

maceutical’ [14]. Thus, in some cases, the term ‘dietary supple-

ment’ can be used instead. Nutraceuticals is a broad term referring

to substances isolated or extracted from food, animals or plants,

that have a proven physiological or medical benefit [15].

Currently, there is increasing evidence to suggest that nutra-

ceuticals show protective effects for many pathologies, including

cardiovascular disease and cancer [16]. In addition, they have been

proposed to promote the maintenance of bone and joint integrity

and/or health [17]. So far, several epidemiological studies have

investigated the relation between vitamin D serum levels and

human joint structure, as well as the link between vitamin D

intake and OA [17]. The latter study revealed a good correlation

between low vitamin D serum levels and the presence of OA in the

knee [18]. Also, glucosamine sulfate and chondroitin sulfate,

which are essential components for the synthesis of the proteo-

glycan molecules of the cartilage extracellular matrix, were

reported to be possible nutraceuticals for the prevention or the

treatment of OA [19]. However, although it has become well

recognized that nutraceuticals are capable of promoting or im-

proving cartilage health, appropriate animal models are necessary

for evaluating the effects of these agents. As previously reviewed by

other authors, OA can develop naturally in some species (e.g.

mouse and guinea pig) or be induced through surgery or chemical

treatments [20,21]. Therefore, it is currently necessary to delineate

the most relevant and standardized animal models that will allow

indepth investigation of the health benefits and modes of action of

nutraceuticals in the management of OA.

Animal models used to study nutraceutical-based therapies for
OA
Many animal species (e.g. mouse, rat, rabbit, sheep, dog, cat and

monkey) have been used to study the effects of nutraceuticals on

OA, including surgically or chemically induced as well as, sponta-

neous models (Table 1). However, none of these models can

perfectly mimic OA, because these animals differ physiopatholo-

gically from humans in terms of their joint anatomy, genetics,

biomechanics and disease parameters (severity, localization and

kinetics). Various reviews providing detailed comparisons of these

different OA animal models have been published elsewhere

[20,21]. Here, we focus on identifying the most appropriate animal

models for investigating the potential protective roles of nutra-

ceuticals in OA.

The OA-related effects of various nutraceutical families (e.g.

polyphenols [22–26], vitamins [27,28], protein [29,30], alkaloid

[31] and others [32–35]) have been mostly studied using surgically

induced OA models. This is probably because the surgical proto-

cols have a 100% incidence, display a shorter lesion onset time and

reproduce the traumatic etiology of the human disease. Anterior

cruciate ligament transection (ACLT) and menisectomy are the

two most commonly used procedures for inducing OA in animals.

Surprisingly, although destabilization of the medial meniscus

(DMM) and the groove model can be used to surgically induce

an OA phenotype that more closely resembles the human disease

than achieved with ACLT, these methods are not currently used in

nutraceutical research. This might be because surgery on small

mammals is difficult to standardize. For this reason, chemically

induced OA models have also been developed. Intra-articular

injection of active molecules, such as cytokines [e.g. IL1b and

tumor necrosis factor alpha (TNFa)] [36,37], enzymes (e.g. papain

and collagenase) [42,43] or chemicals [e.g. mono-iodoacetate

(MIA)] [38–41], has been shown to induce pathologic changes

that resemble OA. This is especially true for the MIA, an inhibitor

of aerobic glycolysis that elicits chondrocyte death and articular

pain, which can be utilized to produce OA that progresses in a

similar fashion to that seen in humans [21]. Notably, OA lesions

induced through the injection of active molecules are time and

dose dependent and can be reversed by the use of low doses. These

models have commonly been used to elucidate the anti-inflam-

matory and catabolic activities of polyphenols [22–26] and alka-

loid [31] in OA.

Traumatic and chemical inductions of OA are convenient ex-

perimental approaches that enable the study of disease progression

from the point of inception. Thus, these methods enable the

exploration of nutraceutical effects that range from prevention

to elimination of the disease. However, these approaches might

not be the most relevant, especially because the onset of OA in

humans occurs with aging, which implies that the full spectrum of

OA-associated phenotypic features might require time to develop.

In this regard, it is known that specific strains of guinea pigs, mice

and monkeys can develop spontaneous OA with age. Therefore,

these models enable us to study the slow and ‘natural’ progression

of the disease (Table 1). They more closely resemble the human

pathology, and might be especially relevant for investigating the

preventive potential of specific nutraceuticals on the incidence of

OA. Nevertheless, there are few experimental studies that have

been conducted using spontaneous models of OA, which might be

attributed to the global cost associated with the duration of such

methods (i.e. animal facility costs and the amount of food or

extract required). Finally and closely linked to clinical OA, animal

patients (e.g. dogs and cats) were also used as models to assess the

effects of nutraceuticals in studies focusing on improvement of life

quality [42–44].

Recommendations for nutraceutical studies
Administration routes of nutraceuticals
Notably, two administration routes have been commonly used for

nutraceuticals: local intra-articular injection and oral administra-

tion via diet supplementation or feeding (Table 1). The former

route ensures control over of the locally delivered dose of nutra-

ceutical compared with the latter. Although intra-articular injec-

tion helps to overcome bioavailability issues that might arise

because of the oral route, repeated injections increase the risk of

infection. Also, when performed in rats [36,41,45–47] and rabbits

[23–25,27,33], there is a limited volume that can be injected into

the joint cavity (50 ml and 300 ml, respectively). By contrast, oral

supplementation of nutraceutical represents a more physiological

approach and can be managed autonomously by the patient. In

animal studies, oral administration has been performed via gastric

gavage [27,28,38–40] or wafers, as well as capsular and other

galenic forms [22,29,30,32,35,42,48], which enable more rigorous
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TABLE 1

Effects of nutraceuticals on OA in animal studiesa

Animal model of OA Nutraceutical Origin Administration
route

Duration treatment Dose Main results Refs

Surgically induced
Menisectomy
(mouse)

Procyanidin B3
(polyphenol:
flavonol)

Grape seed Orally 4 weeks (5 days/week),
5 days after surgery

1 mg/10 g body weight &Total Mankin score
&Thickness of pseudocapsule
&Chondrocyte cell death
&iNOS expression

[22]

MCL and partial
meniscectomy
(rat)

Vitamin D3
(vitamin)

Fish oil, liver and
milk

Orally 40 days + 4 days before
surgery

4IU (100 ng) to 4000 IU
(100 mg)/kg

&OA-induced hypertrophy of
femoral condyle
&TLR4, MMP3, TNFa and IL1b gene
expression during OA induction but
not progression

[27]

Partial medial
menisectomy
(rabbit)

Fursultiamine
(vitamin)

Seeds and yeast Orally 8 weeks 3 days after
surgery

100 mg/kg &Total Mankin score
&Cartilage fibrillation
&Chondrocyte disorganization
&MMP1 level enhances
chondroprotective effects of GH/CS

[28]

ACLT (rat) Quercetin and
glutamine
(polyphenol:
flavonol)

Vegetable (onion) Intra-articular
injection

4 weeks, twice a week Quercetin 600 mM and
glutamine 200 mM in
50 mL PBS

&Total Mankin score
%HSP70 and aggrecan expression
&Severity of OA

[45]

(rabbit) Tetrandrine
(alkaloid)

Root of Stephania
tetrandraine

Intra-articular
injection

1 month after surgery
weekly for 6 weeks

20 mg/L in 300 mL &Mankin score
&Cartilage fissures and degradation
&MMP (1;3;13) gene expression

[31]

Glucosamine
(GAG)

Shellfish Orally 3 weeks after surgery
for 8 weeks

100 mg/day &Total Mankin score
%PG content

[32]

CMC
(carbohydrate)

Shellfish Intra-articular
injection

Injection at 1, 3 and 5
weeks after surgery

0.3 mL 2% CMC &Cartilage degradation
&MMP1 gene expression

[33]

Chlorogenic acid
(polyphenol:
phenolic acid)

Sunflower seeds,
flour, artichoke,
coffee and bean

Intra-articular
injection

Weekly for 6 weeks after
surgery

20 mM in 300 mL &Total Mankin score
&Chondrocyte disorganization
&Superficial cartilage lesions
&MMP (1;3;13)
%TIMPs

[23]

Resveratrol
(polyphenol:
stilbene)

Red wine, grape
skin, peanut and
blackberry

Intra-articular
injection

5 weeks after surgery,
daily for 2 weeks,

10 mmol/kg &OA score
&Synovial inflammation

[24]

ACLT + medial meniscus
menisectomy (rabbit)

Resveratrol
(polyphenol:
stilbene)

Red wine, grape
skin, peanut and
blackberry

Intra-articular
injection

5 weeks after surgery,
daily for 2 weeks

10–20 or 50 mmol/kg &Total Mankin score
&NO release in synovial fluid
%Cartilage surface
&TUNEL staining

[25]

ACLT + partial
meniscetomy
(rabbit)

Glucosamine, CS
and manganese
ascorbate (GAG:
mineral)

Shellfish
(glucosamine),
vegetables and
fruit (manganese)

Orally 14 weeks Diet supplemented with
2% CosaminWDS
(500 mg/g glucosamine,
400 mg/g CS, 76 mg/g
manganese ascorbate)

&Total modified Mankin score
%GAG synthesis
&Catabolic enzymes

[34]
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ACLT (Dog) ASU (protein) Avocado and
soybean

Orally 8 weeks 10 mg/kg/day &Total OA Cook score
&Superficial cartilage fibrillation
%Subchondral bone parameters
&iNOS and MMP13
immunostaining

[29]

BCD extract
(multifamily)

Brachystemma
calycinum

Orally 8 weeks 200 mg/kg/day &Total OA severity score
&Depth of cartilage lesions
&iNOS and MMP13 expression
%Mechanical properties

[35]

Menisectomy (ovine) ASU (protein) Avocado and
soybean

Orally 1 month after surgery
for 3–6 months

900 mg/day
(Piascledine300W)

&Mankin score
%Uncalcified cartilage thickness
&Subchondral bone sclerosis
%PG content

[30]

Ovariectomy (monkey) Soy protein
extract enriched
in Genistein
(polyphenol:
flavonoid)

Soy Orally 36 months 129 mg/day %Articular cartilage thickness
&Calcified cartilage thickness
&OA severity score
%Type 2 collagen expression?

[26]

Chemically induced
MIA injection (mouse) Pomegranate

juice
Pomegranate Orally Daily for 2 weeks 4, 10 or 20 ml/kg &OA severity score

&Cartilage damage
&Inflammation of synovial
membrane

[38]

(rat) GSPE
(polyphenol:
anthocyanin)

Grape seed Orally 4 weeks, 3 times a week
after OA induction

100 or 300 mg/kg &Pain
&Osteoclast number in
subchondral bone and bone
alterations (sclerosis and
osteophyte)
&Total Mankin score
%Cartilage organization
&IL1b andMMP13 immunostaining
&Chondrocyte loss and PG content

[39]

Silymarin
(polyphenol:
flavonolignan)

Carduus marianus
(milk thistle)

Orally 14 days after OA
induction

50 mg/kg &Fibrillated cartilage surface
&Inflammation (NO, IL1b)
&Oxidative stress
(malondialdehyde and lipid
peroxidation)

[40]

Capsaicin
(alkaloid)

Chili pepper Single
intra-articular
injection

14 days before OA
induction

0.5% in 100 mL &Subchondral bone alteration
&Pain

[41]

IL1b injection (rat) Morin
(polyphenol:
flavonoid)

Herbs Intra-articular
injection

3 h before IL1b injection 50 mM in 50 mL PBS &Total Mankin score
&iNOS and COX2 expression

[46]

Berberine
(alkaloid)

Medicinal herbs Intra-articular
injection

3 h before IL1b injection 10 mM or 100 mM in
50 mL PBS

&Total Mankin score
&MMPs (-1, -3 and -13) expression
%TIMP expression
&NO and GAG release

[36]
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TABLE 1 (Continued )

Animal model of OA Nutraceutical Origin Administration
route

Duration treatment Dose Main results Refs

Papain injection (rat) Sesamine
(polyphenol:
lignan)

Sesame Intra-articular
injection

Every 5 days for 25 days
after last papain
injection

1 or 10 mM %Cartilage thickness
&Chondrocyte disorganization
%PG and collagen content
%Safranin O staining

[47]

Chymopapain-induced
OA (rabbit)

Chondroitin
sulfate (GAG)

Shark skeleton Orally Daily for 84 days 80 mg/kg
(CondrosulfW )

%GAG content [48]

Spontaneous
STR-Ort strain (mouse) MSM (organic

sulfur compound)
Grains,
vegetables, fruit
and cow’s milk

Orally 13 weeks 0.06–6 g/kg/day &Total Mankin score
&Articular cartilage damage
&Meniscus injury

[49]

STR-1N strain (mouse) Vitamins (E, C, A,
B2 and B6) and
selenium
(vitamins and
micronutrients)

Fruit, vegetables
and liver

Orally 12 months Enriched in vitamins
and 2 mg/kg selenium

&OA incidence
&Cartilage erosion and tide mark
exposure
%Antioxidative enzyme expression

[50]

DH strain (guinea pig) n-3 PUFAs (Lipid) Oils (olive) and
fish

Orally 20 weeks 5% of n-6:n-3 (1.5:1) &Total OARSI score
&MMP2 and MMP9 secretion
%GAG and collagen content
%Subchondral bone parameters

[51]

Spontaneous OA (dog) Chondroitin
sulfate (GAG)

Quality elk velvet
antler

Orally Daily for 60 days 1 capsule of 280 mg per
20 kg body weight

%Activity and reactivity [42]

n-3 PUFAs (lipid) Flaxseed and fish Orally 13 weeks Diet supplemented with
1.08% EPA and DHA

%Functional mobility [43]

Clinical OA (cat) n-3 PUFAs (lipid) Oil (olive) and fish Orally 10 weeks ETA 15 mg/ml, EPA
500 mg/ml DHA
100 mg/ml, 1 ml/kg

%Mobility and activity [44]

aAbbreviations: ASU, avocado/soybean unsaponifiable; BCD, Brachystemma calycinum D don; CMC, carboxymethylated chitin; COX, cyclooxygenase; CS, chondroitin sulfate; DH, Dunkin-Hartley; DHA, docosahexaenoic acid; EPA,
eicosapentaenoic acid; ETA, eicosatetraenoic acid; GAG, glycosaminoglycan; GH, glucosamine hydrochloride; GSPE, grape seed procyanidin extract; HSP, heat-shock proteins; iNOS, inducible NO synthase; IU, international unit; MCL, medial
cruciate ligament; MIA, mono-iodoacetate; MSM, methylsulfonylmethane; n-3, omega-3; n-6, omega 6; PG, proteoglycan; TGF, tumor growth factor; TUNEL, dUTP nick end labeling.
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control of the administered dose compared with diet supplemen-

tation [26,34,43,44,49–51]. Nevertheless, oral administration

must take into account both the manufacturing process and

compound stability (e.g. susceptibility to oxidation and thermo-

lability) to preserve its bioactivity.

Pharmacokinetic and bioavailability
Nutraceuticals have to be absorbed from the intestine and can be

subsequently modified (e.g. deglycosylation, glucuronate modifi-

cation and/or conjugation with sulfates), which can result in

metabolites that are chemically distinct from the native molecules

found in food [52]. Given that the fate of many nutraceuticals is

unknown, several studies have investigated the effects of intra-

articular injections of nutraceuticals before and/or after the induc-

tion of experimental OA (Table 1). Using this procedure, the

authors examined the local and direct effects of nutraceuticals

on joint cells. Although promising, results obtained using local

intra-articular administration should be taken with caution be-

cause of the aforementioned reasons. It is important to keep in

mind that nutraceuticals are meant to be part of the daily diet

becoming digested and absorbed. The resulting metabolites that

reach the peripheral circulation and the tissues are different from

those nutrients present in the supplemented diet. However, this

does not mean that the metabolite is inactive. For example, the

metabolic fate of dietary polyphenols is well known [53] and

might determine the nutrient bioactivity. This was well illustrated

by Yang et al., who reported that hesperitin, a metabolite of

hesperidin (a polyphenol found in citrus fruits), contained in

serum of hesperidin-fed rats, showed potent anti-inflammatory

activity, whereas the native hesperidin molecule did not [54].

Considering the impact of metabolic modifications on nutraceu-

tical bioactivity, the relevance of findings obtained in studies using

intra-articular administration of nutraceuticals must be carefully

interpreted or confirmed using diet-supplemented approaches.

Surprisingly, none of the studies cited here have investigated

the bioavailability of the tested compounds upon both adminis-

tration routes.

In addition to the pharmacokinetic aspects, another key param-

eter involves the bioavailability of nutraceuticals and their me-

tabolites in serum. Manach et al. [53] and Kroon et al. [55] reported

that the maximum human plasma concentration of polyphenols

or their metabolites was usually reached between 1 and 6 h fol-

lowing a polyphenol-rich meal ranging from 0.1 to 10 Mmol/L.

Notably, within this concentration range, these compounds were

shown to exhibit chondroprotective activities in vitro on primary

articular chondrocytes [56]. Apart from these latter studies, none

of the other reports presented in this review measured the plasma

concentration of nutraceuticals (or of their metabolites) following

diet supplementation.

Experimental design
Four distinct protocols were reported that allowed assessment of the

preventive or curative potential of nutraceuticals (Fig. 2). The first

model was designed to assess the preventive nature of compounds

(Fig. 2a). For this, the compounds, capsaicin [41], morin and ber-

berine [36,46], were administered to the animal before disease

development. Nutraceuticals given as a preventive treatment might

also be held after natural development of OA [49–51] or after

surgically induced OA [27] (Fig. 2b). In the third protocol design,

OA was induced in animals via surgery or chemical induction, and

immediately treated with nutraceuticals [23,26,29,35,38,39,45]

(Fig. 2c), thereby examining whether nutraceuticals could counter-

act the development of OA and its progression. Finally, the last

design involved a delay in the start of treatment from 3 days to 1

month [22,24,25,28,30–32,40,47] (Fig. 2d).

Nevertheless, even though the aforementioned experimental

designs collectively illustrated that nutraceuticals represent anti-

OA candidates, none demonstrated a total inhibition of induced-

OA and only two of these protocols could be clinically translated to

humans (Fig. 2b,d).

Evaluation of nutraceutical therapy
OA grading is generally determined through histology and

appears to be the gold standard for assessing nutraceutical effi-

ciency. Mankin and OARSI scores were the most used in the

studies analyzed here. The Mankin score is historically the oldest

(1971) and was developed in a study that examined femoral heads

removed during arthroplastic surgery in patients with advanced

OA. Therefore, this method is not effective for evaluating early

OA [57]. By contrast, the OARSI score (created in 1998) takes

subchondral bone changes into consideration. In addition, it

assesses cellular and histological cartilage damage. Considering

this information, it is surprising that the most popular scoring

system used in the studies referenced in Table 1 was the Mankin

method. Indeed, the OARSI standardized scoring system for

cartilage and periarticular tissue health allows a priori compari-

son of the effects of nutraceuticals, despite the lack of homoge-

neity in treatments, models and standard controls between

independent studies. To understand thoroughly the mechanisms

underlying the actions of nutraceuticals, gene expression anal-

yses are commonly used. Indeed, examining the expression of

genes related to inflammation [27] and cartilage anabolism [26]

or catabolism [31,36] in cartilage tissue [27,31] revealed that

nutraceuticals modulated these expression patterns to improve

cartilage health.
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Design 1:
‘Prevent’

Design 2:
‘Prevent and treat’

Design 3:
‘Block and treat’

Design 4:
‘Cure’

“Healthy” Induced OA or spontaneous OA

Nutraceutical Inputs

Outputs
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FIGURE 2

Experimental designs reported in the literature to evaluate the effectiveness
of nutraceuticals on osteoarthritis (OA). To evaluate the potential to prevent
or alleviate the development of symptomatic disease, nutraceuticals could be
supplied before the induction of pathogenesis (Design 1). This
supplementation could then be maintained to slow down the progression of
OA (Design 2). Nutraceuticals can also be tested to reduce or cure the
pathology (Designs 3 and 4, respectively).
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Mechanistic action of nutraceuticals on OA
Anti-OA properties of nutraceutical families
Polyphenols, a nutraceutical family found in fruits, vegetables and

plants, are well recognized for their anti-inflammatory and anti-

oxidative activities. For this reason, they have been tested in

different animal models of OA. Interestingly, polyphenols induce

a reduction of oxidative stress markers [25,37,40] and inflamma-

tion [24,40] that is associated with a potent reduction in pain and

structural damage [38,39]. Specifically, certain polyphenols, such

as procyanidin B, chlorogenic acid, resveratrol or sesamin, can

reduce chondrocyte damages (cell death and disorganization).

Thus, these treatments result in an improved histological OA

scores. In addition, other nutraceuticals have displayed similar

results and can be used to manage OA (e.g. alkaloids [31,36,41],

carbohydrate [33], organic sulfur compound [49] or certain plant

extracts [35]).

Some authors fed animals with protein- [29,30] or glucosamine-

supplemented [42,48] diets to counteract the loss of cartilage

observed in OA. Indeed, proteins can ensure an adequate supply

of substrate to stimulate cartilage anabolism. As expected, the

authors observed an increase in proteoglycan content in the

protein- or glucosamine-supplemented groups, resulting in the

thickening of cartilage and improved histological scores compared

to controls. As a consequence, improved mobility was also

reported.

Poly-unsaturated fatty acids (PUFAs), which are lipids well

known for their anti-inflammatory properties, have also been used

to treat OA symptoms and progression [58]. In this regard, Knott

et al. investigated the benefit of omega-3 (n-3) enriched diets in

Dunkin-Hartley guinea pigs [51] and found that n-3 reduced

disease parameters in OA-prone animals compared with an OA-

resistant strain. Also, using clinical animals such as cats and dogs

with naturally occurring OA, it was reported that n-3 supplemen-

ted diets could improve mobility and activity [43,44].

An important goal is to prevent the development of OA alto-

gether. Notably, one report has indicated that nutraceuticals,

especially vitamins and minerals, can reduce OA incidence in

genetically modified mice (STR/1N) [50]. This OA prevention

probably results from the anti-inflammatory properties of these

vitamins [27].
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FIGURE 3

Molecular mechanisms of action of nutraceuticals on joint cells. Nutraceuticals alleviate inflammation and cartilage degradation by modulating nuclear factor
(NF)-kB and mitogen-activated protein kinases [extracellular signal-regulated kinases (ERK) 1/2, p38 kinase and c-Jun N-terminal kinase (JNK)]. These critical
pathways were activated by inflammatory stimuli [interleukin (IL)-1b] or extracellular matrix fragments, which are recognized as damage-associated molecular
patterns (DAMPs), leading to the expression of matrix metalloproteinases (MMPs), a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS)
and inflammatory cytokines that participate in cartilage degradation. The supplementation of nutraceuticals can block many steps of these signaling pathways to
decrease osteoarthritis (OA) severity. For additional definitions, please see the main text.
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Molecular mechanisms of action
The dietary supplements and intra-articular injections outlined in

this review were shown to be beneficial for OA treatment, suggesting

that nutraceuticals act on joint cells (synoviocytes and chondro-

cytes) to modulate the expression of key genes regulating OA onset.

In this regard, a tempting scheme of the underlying cellular and

molecular mechanisms that mediate the action of nutraceuticals is

outlined in Fig. 3. Many reported nutraceutical pathways are known

to inhibit nuclear factor kappa B (NF-kB) activation. NF-kB, is a key

transcription factor that drives the expression of OA inducer genes

in response to the activation of toll-like receptors (TLRs) and inter-

leukin receptor (IL-R) by extracellular matrix fragments and IL1-b,

respectively [59]. In addition to NF-kB activation, the expression of

pro-inflammatory cytokines and catabolic enzymes can be activated

by the mitogen-activated protein kinase (MAPK) pathway through

the extracellular signal-regulated kinases (ERK) 1/2, p38 kinase and

c-Jun N-terminal kinase (JNK). Indeed, some polyphenols (e.g.

sesamin and morin) have been found to inhibit these pathways

[46,47]. Among others possible modes of action, fatty acids might

act directly on G protein-coupled receptors (GPRs) or other lipid-

activated nuclear receptor families, such as liver X receptors (LXRs)

and peroxisome proliferator activated receptors (PPARs) [60]. The

activation of GPRs by natural or synthetic agonists is known to

inhibit the NF-kB pathway [61]. In addition, signaling through

PPARg has been shown to interfere with NF-kB and to regulate gene

expression directly to decrease inflammatory markers. Similarities

have been reported from in vitro studies examining chondroı̈tin

sulfate, which inhibits NF-kB nuclear translocation and phosphor-

ylation of p38 MAPK, ERK1/2, and JNK [62]. PUFAs, similar to many

other nutrients, can modulate mammalian target of rapamycin

(mTOR) signaling, leading to a protective activation of autophagy

in chondrocytes [58]. In addition, a nutrient-sensitive pathway

dependent on sirtuin 1 (SIRT1), a class III histone deacetylase that

is a member of the sirtuin family, was recently described. Notably,

downregulation of SIRT1 was reported to heighten OA progression

in induced models and during aging [63]. For example, SIRT1

activation in the presence of resveratrol interferes with NF-kB

signaling, resulting in anti-inflammatory effects during OA [64].

Unexpectedly, none of the studies cited in this review assessed

whether the nutraceuticals can activate SIRT1 in vivo. Overall, it

appears that nutraceuticals can target different molecular pathways

involved in OA progression, suggesting that they exhibit cumulative

effects or act in synergy to counteract OA. Thus, these findings

suggest that it would be interesting to associate several classes of

nutraceutical to obtain a more efficient therapeutic strategy.

Concluding remarks and future directions
Here, we have examined several studies that highlight the effec-

tiveness of nutraceuticals in OA management. We have also dis-

cussed various animal models of OA, which represent relevant

preclinical tools for studying the effects of dietary supplements on

OA. However, in regard to future clinical therapy, spontaneous OA

animal models appear to recapitulate most closely the human

pathology, enabling us to follow the evolution of the disease.

Moreover, we have highlighted the wide range of biological effects

that can be elicited by nutraceuticals, including anti-inflammatory

actions, pain reduction and gain of mobility. Furthermore, a

synergic therapy involving the use of different nutraceutical fami-

lies might prove to be a promising approach for treating OA,

because it could combine the various biological effects of these

agents. Finally, encouraging results have been obtained in animals

using double-blind experiments, perhaps representing a final step

before initiating clinical trials to examine the use of nutraceutical

therapy in patients with OA.
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Introduction %&"

Osteoarthritis (OA) is a common inflammatory joint disease that affects a growing part of elderly [1] %'"

and is associated with strong socio-economic impact [2]. OA affects mainly weight-bearing joints such %!"

as knee or hip. Subchondral bone allows impacts damping enforced during the movement. Instability %%"

of joint, for example ligament injury, dramatically increases the risk of OA [3]. On a clinical point of %("

view, OA is characterized by a progressive cartilage loss, subchondral bone remodeling, osteophytes %)"

formation, and inflammation affecting all joint tissues [3, 4]. Articular cartilage degradation is one of %*"

the major concerns in OA, which is attributed to aggrecans and collagens cleavage. The order in which %+"

the cartilage extracellular matrix (ECM) components are degraded remains unclear. However, few %#"

studies conducted on cartilage explants suggested that aggrecans cleavage occurs before collagen %$"

degradation [5-7]. The early degradation of aggrecan occuring in OA suggests that it is breakdown is (&"

an important outcome to monitor. This breakdown of ECM proteins is regulated by specific proteases ('"

like metalloproteinase (MMPs) and aggrecanases which release fragments from the tissue [8-10]"and (!"

protein products still complexed to the ECM (e.g NITEGE, VIPEN, DIPEN) [11, 12]. These (%"

fragments offer promising and interesting biomarkers to follow the onset of OA in humans and (("

animals.  ()"

The optimal treatment for OA would be a therapy that can concomitantly block the progressive (*"

degradation of articular cartilage and improve symptomatic relief such as inflammation and pain. (+"

However, to date there is no curative treatment for OA. Available pharmaceutical drugs alleviate (#"

inflammation and pain but none succeed to slow down, stop or reverse the progression of the cartilage ($"

degradation and other adverse tissular injuries related to the pathology [13]. )&"

Hydroxytyrosol (HT) and Procyanidins (PCy), two bioactives polyphenols found in olive and grape )'"

seed, exert numerous health promoting effects on inflammation, aging, and cancer. Of note, we have )!"

previously demonstrated that HT and/or PCy extracts exert potent in vitro chondroprotective effects. )%"

In fact, HT and/or PCy reduced the IL-1- -induced levels of inflammatory and catabolic markers )("
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including nitric oxide (NO), prostaglandin-E2 (PGE2) and MMP-13 in in vitro isolated chondrocytes ##"

and in ex vivo cartilage explants (Mével et al., submitted). Interestingly, we also showed that HT #$"

and/or PCy extracts are bioavailable in rabbit sera after oral consumption and maintain their anti-#%"

inflammatory activities. Whereas their powerful in vitro anti-IL-#&"

promising candidates for the treatment of OA, their in vivo anti-OA effects remains to be #'"

demonstrated. $("

In the present study, we wanted to extend these observations by evaluating whether HT and/or PCy $)"

extracts could exert a protective effect on OA progression in adapted animal models. To investigate $*"

these preventive effects of extracts on OA, two post-traumatic complementary OA models in mouse $!"

and rabbit were used. OA mouse model induced by destabilization of medial meniscus (DMM) was $+"

first used. In this model the diet was supplemented with HT and PCy extracts alone or in association. $#"

High doses were tested in order to screen the safety and efficacy of different treatments on OA $$"

severity. Glucosamine (GlcN) which is well known to improve OA-related symptom in in vitro and in $%"

vivo models including human clinical trials, was used as a positive control for all experiments [14-17]. $&"

The most promising treatment in mice experiment was selected and its protective effect was then $'"

further investigated in anterior cruciate ligament transection (ACLT)-induced OA in rabbits. In this %("

rabbit model, we evaluated the safety and the preventive effects of the combination of HT and PCy %)"

extracts compared to GlcN. The effects of HT/PCy extracts on severity of OA lesions including %*"

cartilage loss, subchondral bone changes, inflammation and ECM components cleavage were %!"

evaluated. %+"

Materials and methods %#"

Food supplementation with extracts %$"

The Olivex®, an olive extract (referred as to HT extract), Exgrape®SEED, a grape seed extract %%"

(referred as to PCy) and Oleogrape®SEED, an extract from olive and grape seed (referred as to %&"

HT/PCy) dry  D-(+)-GlcN %'"

hydrochloride were purchased from Sigma-Aldrich (Saint-Louis-MO, USA). Standard powder diet &("
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RM1 was obtained from Special Diet Services (Essex, UK). Diets for mice experiments were prepared #$"

by the experimental food preparation unit (Jouys-En-Josas, France) by complementing the diet with #%"

HT, PCy HT/PCy or GlcN in RM1 standard diet. Mice received high doses of extracts as a screening #&"

base to observe an effect.  prepared #!"

extemporaneously by dissolving the extracts in saline solution NaCl 0.9% (Sigma-Aldrich). Compared #'"

to mice, rabbits received approximatively 40-fold lower doses of extracts, closer to clinically relevant #("

range which allows observing difference between different treatments."Moreover, an allometric scaling #)"

factor was applied based on metabolic body size to predict and compare extract effects among mice ##"

and rabbits species [18-20]. #*"

Ethical consideration in animal models *+"

ommittee (CEEA *$"

Pays de la Loire*%"

use of laboratory animals (2010/63/UE). Mice were housed in the animal facility of Faculty of *&"

Medicine (Agreement n°C44015) and rabbits were hosted in Centre for Research and Preclinical *!"

Investigation (ONIRIS Agreement n° E44271). Animals were maintained in a controlled environment *'"

subjected to a 12 h light/dark cycle with free access to both food and water. *("

Mice experimental design *)"

The study was performed on 30 C57/BL6 10 week-old mice, which have reached full skeletal *#"

maturity. After an acclimatization period of one week, the mice were randomly assigned into 5 groups **"

(n=6 per group). The control group received a standard diet and the other groups received either a $++"

standard diet enriched with 2.56% of GlcN, or with 2.37% of olive extract, or with 1.94% of grape $+$"

seed extract, or with 2.70% of olive and grape seed. Extracts supplementations rate were calculated $+%"

considering that mice consumed 4g per day, which correspond at 7,7mg of HT and of 35mg of PCy $+&"

per day. This allows to supplement mice diets with a standardized and consistent amount of active $+!"

compounds contained in the extracts. In order to access the safety of extracts, animals were weighed $+'"

every two days. OA was experimentally induced by bilateral DMM 4 weeks after the start of diets $+("
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supplementation. The animals were euthanized 8 weeks following surgery by cervical dislocation and #$%"

all joints were dissected for further histological examinations. One mouse in the control group was #$&"

excluded from the analysis because the histological analysis revealed that the ligaments had not been #$'"

sectioned.  ##$"

Rabbit experimental design ###"

Eighteen 15 week-old female New Zealand white rabbits were purchased from Hypharm-Grimaud ##("

(Roussay, France)."At 15 week-old, rabbits have reached full skeletal maturity and gender has no ##)"

influence on the development of the disease [21]. After one week of acclimatization, rabbits were ##*"

randomly divided into 3 groups (n=6 per group). Experimental groups received GlcN (100mg/kg) or ##!"

HT/PCy (100mg/kg) in 1mL of saline solution (NaCl 0.9%). Extracts were administrated every two ##+"

days by stomacal gavages for 13 weeks. A third group received saline solution NaCl 0.9% (control ##%"

group) (1mL/kg). Three week following the start of gavage, rabbits underwent a destabilization of the ##&"

right joint induced by ACLT. Ten weeks following surgery, rabbits were euthanized by an overdose of ##'"

barbiturates.  #($"

Histological staining and immunohistochemistry #(#"

After euthanasia, knee samples from each animal were fixed in 4% paraformaldehyde followed by #(("

decalcification by EDTA 0.5M (pH 7.4) solution for mice samples and by DC3 solution (VWR, #()"

Radnor, PA, USA) ehydration was performed subsequently, and specimens were #(*"

embedded in paraffin, and cut into section of 5µm thickness using rotary microtome. Safranin O fast #(!"

green and hemetoxylin-erythrosine-safran (HES) stainings have been performed to identify cartilage #(+"

cells and matrices. Immunohistochemistry was performed on deparaffinized and rehydrated sections #(%"

with specific primary antibodies: type II collagen antibody (anti-mouse: 1:400, ab34712, Abcam and #(&"

anti-rabbit: 1:100, 08631711, MP biomedicals), aggrecan antibody (anti-mouse: 1:100, ab1031, Merck #('"

Millipore and anti-rabbit: 1:100, MA3-16888, Thermo Scientific) and NITEGE antibody (anti-mouse: #)$"

1:50, PA1-1746, Thermo Scientific and anti-rabbit: 1:50, MBS442004, My Biosource) for the #)#"

detection of aggrecan cleavage  (RAL #)("
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Diagnostic, Martillac, France). Tissue staining was viewed using Nanozoomer 2.0 Hamamatsu slide #$$"

scanner (Hamamatsu City, Japan).  #$%"

OA severity by evaluation of OARSI scoring #$&"

The severity of OA in all samples was assessed and compared according to the Osteoarthritis Research #$!"

Society International (OARSI) scoring. The OARSI scoring system was adapted and used for #$'"

histologic assessment in a blind manner. The severity of OA lesions was scored on a scale of 0 to 6 #$("

using parameters such as chondrocytes death, hypertrophy, clusters, loss of Safranin-O staining, #$)"

surface alteration, and bone modifications. The scoring system used is presented in Table 1. Scoring #%*"

was performed on serial sections (2-4); at least two joint regions have been analyzed. #%#"

OA severity assessed by radiographic imaging and OARSI score  #%+"

Radiographic pictures of the  hind limbs (antero-posterior and lateral views) were taken using a #%$"

Convix 300 system (Picker International Inc, Cleveland, OH, USA). Pictures were taken following #%%"

euthanasia to evaluate structural damages in the joints. Knee OA severity was quantitatively assessed #%&"

using a homemade radiographic score inspired by Kellgren & Lawrence [22] and Boulocher et al. #%!"

[23]. The scoring was performed by 2 independents blind readers. The severity of OA lesions was #%'"

scored using multiple parameters such as calcification of menisci, tendons and ligaments, number and #%("

localization of osteophytes, bone modifications, and joint space narrowing. The scoring system used is #%)"

summarized in Table 2. #&*"

Statistical analysis #&#"

Results are expressed as mean ± SEM. Comparative studies were analyzed using an ANOVA test #&+"

followed by post-hoc Fisher test with P values less than 0.05 considered as statistically significant. #&$"

 #&%"

Results #&&"

 Effect of diet supplementation with HT and/or PCy on body weight and OA severity in DMM #&!"

mice #&'"
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In order to assess the safety of diet supplementation with high #$%"

were controlled during 12 weeks. The initial and final body weight did not differ among the different #$&"

experimental groups (Table 3). The mice gained about 5.7 ± 0.4 g during the 12 weeks of diet #'("

supplementation. The daily dose consumed during all the experiments was in average 3.97 ± 0.4 g per #'#"

mouse per day. To examine the effects of phenolic compounds intake on cartilage and bone alteration #')"

induced by DMM, glycosaminoglycan component of cartilage was stained with safranin-O (Figure #'*"

1A). As expected, the histopathological examination of safranin-O stained sections revealed that #'+"

sections in the control group (Ct) that received standard diet, showed signs of severe OA which result #'$"

in cartilage matrix fissures. In some cases, cartilage delamination or excavation were reaching #''"

subchondral bone (black arrow). In all treated groups superficial zone was intact or presented only #'!"

barely detectable superficial abrasion that can exhibit safranin-O depletion. Moreover, some #'%"

chondrocytes in treated groups were hypertrophic or were organized in clusters, signs of early stage #'&"

OA. In order to evaluate the severity of OA among different experimental groups, OARSI scores were #!("

assessed (Figure 1B). Interestingly, the degeneration of articular cartilage was attenuated by HT and/or #!#"

PCy-supplemented mice, as reflected by significantly reduced proteoglycan loss and cartilage erosion #!)"

in OARSI score. Of note, GlcN treated mice exhibited an OARSI score similar to that of HT and/or #!*"

PCy treated mice.  #!+"

Effect of diet supplementation with HT and/or PCy on ECM catabolism in DMM mice #!$"

As OA alter ECM components of articular cartilage, we questioned whether HT and/or PCy #!'"

could protect matrix degradation following DMM in mice. The presences of type 2 collagen (Coll2), #!!"

aggrecan (ACAN) and NITEGE revealing the aggrecan cleavage by specific proteases were thus #!%"

evaluated. Figure 2 shows that Coll2 expression is not affected among the different experimental #!&"

groups. In mouse knee joints subjected to experimental OA, ACAN staining levels were decreased #%("

compared to treated groups with GlcN, HT and/or PCy. Furthermore, the effects of surgery on ACAN #%#"

cleavage were confirmed by intense NITEGE expression in" lower zone and particularly in the #%)"

pericellular region of Ct group. In contrast, the NITEGE staining was decreased when mice received a #%*"
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diet supplementated with GlcN, HT and/or PCy. No significant difference was found between the #!$"

extracts alone or in combination. #!%"

 Effects of treatment with HT/PCy on r  #!&"

In order to assess the safety of HT/PCy or GlcN (100mg/kg) during the investigation period in #!'"

model, animal s of the #!!"

rabbits did not differ among the different experimental groups (Table 4). Rabbits gained an average of #!("

878 ±0.12 g during the 13 weeks of experimentation. #()"

Effect of treatments on the radiographic score by X-ray evaluation in ACLT rabbits #(#"

In order to confirm the obtained results in mice on the preventive effect of HT/PCy, a surgically #(*"

induced-OA model of rabbit was used. X-#(+"

decreased the ligament calcification, osteophytes incidence (illustrated by white stars), bone sclerosis #($"

and width of joint space narrowing associated with a significant decrease in the radiographic score #(%"

compared to ACLT control group (no treatment). The data demonstrated that HT/PCy exerts similar #(&"

effects on OA-induced rabbit model than GlcN (Figure 3). #('"

Effect of treatment with HT/PCy on joint swelling in ACLT rabbits #(!"

Our lab previously shows that HT/PCy treatment reduces OA-related inflammation symptoms in vitro #(("

and using ex vivo models (Mével et al., submitted). In a clinical point of view, OA inflammation *))"

typically results in joint swelling [4]. Figure 4 did not reveal a significant difference of non-operated *)#"

knees (lateral control) among different experimental groups. At 10 weeks following surgery, vehicle-*)*"

treated ACLT rabbits exhibited a marked joint swelling compared to non-operated joint. Interestingly, *)+"

in HT/PCy treated group, no significant difference between ACLT joint and the lateral control was *)$"

observed. GlcN 4D). *)%"

 Effect of treatment with HT/PCy on OA severity in ACLT rabbits through OARSI score *)&"

After demonstrating that the extracts markedly improve the radiographic score and joint swelling, we *)'"

questioned whether HT/PCy intake may also impact subchondral bone changes at the onset of OA. *)!"
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Since, our decalcification method (DC3 solution, VWR) was incompatible with safranin-O fast green #$!"

method, we established OARSI score on HES staining and type 2 collagen immunostaining. Then, the #%$"

loss of safranin-O parameter was not evaluated in this experiment and the OARSI score was adapted. #%%"

Figure 5A shows that the articular cartilage surface was smooth and that chondrocytes were well #%#"

organized in control lateral knees. When rabbits from the control group (Ct) underwent ACLT, #%&"

cartilage erosion from the surface up to the deep area was observed. In experimental ACLT group #%'"

treated with GlcN, the erosion was extended from the surface to the mid zone. Interestingly, ACLT #%("

rabbits treated with HT/PCy did not shown cartilage erosion, but presented cartilage swelling #%)"

. Consistently with mice results, HT/PCy significantly decreased OARSI score severity. #%*"

Surprisingly, GlcN was not found to exhibit a detectable effect on OA (Fig. 5B). #%+"

Effect of HT/PCy treatment on ECM of articular cartilage catabolism #%!"

After gross observation, we sought to demonstrate the effects of HT/PCy intake on articular cartilage ##$"

matrix breakdown. Figure 6 shows that surgery did not affect type 2 collagen immunostaining in all ##%"

groups despite degradation of articular cartilage was observed in Ct (Fig. 6B) and GlcN (Fig 6.D) ###"

groups. On the contrary and as expected, surgery led to a substantial loss of ACAN staining in ##&"

comparison with un-operated knee (Fig. 6). In this group after ACLT, staining was more intense ##'"

around clusters of chondrocytes. Cartilage from rabbits treated with GlcN or HT/PCy revealed a ##("

moderate loss of ACAN staining. NITEGE immunostaining was used to assess aggrecan degradation. ##)"

Interestingly, immunostaining reveals that surgery increased NITEGE staining, throughout the matrix ##*"

and particularly in pericellular region reflecting cleavage by specific protease. In contrast, when ##+"

rabbits where fed with GlcN intense NITEGE staining is maintained around clusters whereas in ##!"

HT/PCy group staining is markedly reduced. #&$"

Discussion  #&%"

Despite OA one of the most common invalidating disease, curative treatment is still lacking [3, 13]. In #&#"

the field of novel preventive strategies, in vivo models are extensively used to mimic human OA #&&"

symptoms. Among these models, surgical-induced ones are used" preferentially to induce an OA #&'"
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phenotype that more closely resembles to the human post-traumatic situation and might be especially $%&#

relevant for investigating the preventive potential of specific compounds [24, 25]. In this context, we $%'#

first used a model of mid-stage OA induced by DMM in mice. Thus, the effects of HT and PCy alone $%(#

or in association were tested at high doses as a screening base to observe an effect in this model. As $%)#

expected and as previously reported, PCy prevents cartilage degradation in this mouse surgical $%*#

osteoarthritis model [26]. Of particular interest, and for the first time, our data also indicate that HT $+"#

alone or in association with PCy decreased OA severity. Taken together, these data suggested that HT $+!#

and/or PCy could prevent post-traumatic OA.  $+$#

We also aimed to evaluate potential synergetic effect using the association of HT and PCy. $+%#

Surprisingly, our in the DMM-induced murine OA model data indicate that a combination of HT and $++#

t exhibit more drastically effect as compared to HT or PCy alone. It may be hypothesized $+&#

that HT and PCy, with their close chemical structure, may exert their protective effect through the $+'#

same mechanism. This could explain why our experiment did not reveal synergistic effect using the $+(#

combination of HT/PCy. Nevertheless, based on previous in vitro experimentation where the $+)#

association of HT and PCy was shown to present more potent anti-inflammatory activity than extracts $+*#

alone (Mével et al., submitted), we decided to investigated the combination of HT/PCy in the rabbit $&"#

model. $&!#

Following this first set of results generated in a murine model of OA and to strengthen the scientific $&$#

relevance of our work, we were then interested in testing whether this association of extracts could $&%#

also have preventing properties in a larger animal model. We thus embarked on experiments using a $&+#

rabbit OA model induced by ACLT. In addition of being a model closely related to the human clinical $&&#

$&'#

small mammal like a mouse model. Rabbits received approximatively 40-fold lower doses of extracts, $&(#

closer to clinically relevant range. In this model, we demonstrated that HT/PCy significantly improve $&)#

radiographic and histologic OA by decreasing articular cartilage degradation. We previously show that $&*#

HT/PCy significantly reduced the IL1- -induced levels of inflammatory biomarkers (e.g NO, PGE2) in $'"#
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rabbit articular chondrocytes. Consistently, our data in rabbit OA model indicate that HT/PCy totally #$!"

blunt the joint swelling induced by ACLT, a clinical sign associated with joint inflammation.   #$#"

Recently, data from clinical studies suggested that GlcN reduced pain and improve joint junction [17]. #$%"

Moreover, results from studies conducted in rabbit OA model induced by ACLT alone or in #$&"

association with menisectomy demonstrate that daily oral treatment with GlcN or GlcN in #$'"

combination with chondroitin sulfate decreases OA severity (Mankin score) and alleviates cartilage #$$"

degradation [16, 27]. In the light of these data, GlcN was used as a positive control in our experiments. #$("

Surprisingly, our study shows that GlcN treatment ameliorated radiographic OA score but did not #$)"

improve joint swelling or OARSI score. According to a meta-analysis, it can be hypothesized that #$*"

symptomatic effects of GlcN vary widely depending on the formulation used [17]. Interestingly, we #(+"

demonstrated that HT/PCy reduce more drastically the joint swelling and cartilage degradation #(!"

induced by ACLT in rabbits than GlcN. These data strongly suggest that a combination of HT and #(#"

PCy may be more prone to inhibit OA-related inflammation process as compared to GlcN."In addition, #(%"

we also report that HT/PCy inhibited the production of NITEGE induced by surgery. This indicate that #(&"

HT/PCy protect from cartilage catabolism. Consistent with our previous study, HT/PCy could exert a #('"

protective effect against metalloproteinase catabolic activities in vivo as it has been demonstrated in #($"

vitro in rabbit articular chondrocytes (Mével et al., submitted).  #(("

Finally a large panel of side effects has been reported for GlcN including sensitivity and/or epigastric #()"

pain, heartburn, diarrhea, nausea and allergic reactions. In addition, GlcN is well acknowledged to #(*"

interact with various drugs, such as warfarin (Coumadin) and anti-diabetic drugs, thereby dangerously #)+"

altering their effectiveness [28]. Considered together the side effects and limitations of GlcN, it seems #)!"

reasonable to assume that HT/PCy can be a potential interventional treatment that deserves to be #)#"

considered in OA. #)%"

To conclude, in this study we provide in vivo evidence in two complementary animal models of post-#)&"

traumatic OA that HT and PCy alone or in combination exert protective effects on OA progression. #)'"

Although GlcN was found to exhibit a marked and significant effect on cartilage erosion by decreasing #)$"
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OARSI score in mice model and by reducing radiographic score in rabbit OA-induced model, this "$%#

treatment fail to improve joint swelling and OARSI score in rabbits after ACLT. Taken together, our "$$#

results suggest that HT/PCy extracts may be of clinical significance for the treatment of OA. "$&#

Acknowledgements- The authors are grateful to B. Fellah, I. Leborgne, and P. Roy (CRIP- ONIRIS) "&'#

who contributed to experiments using rabbits; S. Sourice (Inserm UMRS 791) for her advice with "&!#

histological analysis; E. Hay (Inserm UMRS 1132) for his advice with NITEGE IHC; F. Berenbaum "&"#

for his help in DMM mice model; UTE Platform (SFR François Bonamy, FED 4203/ Inserm UMS "&(#

016/CNRS 3556) who provided daily care to mice. "&)#

Role of the funding source- , "&*#

the BPI and the ANRT. "&+#

Competing interests- The authors have declared no conflict of interest. NU is an employee of "&%#

 "&$#



!"#
#

References $%%#

!&# '()*+,-# .&-# )/# 01&-# !""# $%&'(# %)*# *+'(%'(# ',($+-+$# ./01%"+12# +)# ,%1+()1'# 3+14# 5)((# /0# 4+,#"22#
/'1(/%0140+1+'6#,/,&"%1+/)#7%'(*#$/4/01#'1&*28#345-#$2!!&#!"#6#7&#8!!9:&#"2!#

$&# ;)0<8=>=-#?&-#)/#01&-#9+0($1#%)*#+)*+0($1#$/'1'#/-#/'1(/%0140+1+'#/-#14(#5)((8#@1=>#.A7#B,)(40/C1-#"2$#
$22D&###E9F6#7&#9%%GH29&#"2"#

"&# 3=51*40-# I&J&-# K&#3)<)>L0(4-#0>8#K&M&# ;0N)L)<-#:'1(/%0140+1+'6# %)#&,*%1(#3+14# 0("(;%)$(# -/0#"2D#
$"+)+$%"#,0%$1+$(8#;0>+)/-#$2!!&#!$$E%HO"F6#7&#$!!:G$9&#"2:#

D&# ;C)*)<-#B&K&-#)/#01&-#:'1(/%0140+1+'6#%#*+'(%'(#/-#14(#</+)1#%'#%)#/0=%)8#P</,<=/=*#B,)(4-#$2!$&#"29#
%"E9F6#7&#!9%HGH2H&#"2H#

:&# M<0//0-# Q&P&-# )/# 01&-# !==0($%)# ,0/1($1'# $%01+"%=(# $/""%=()# -0/.# ,0/1(/"21+$# $"(%;%=(8# I# 3=C1#"2O#
@,)4-#$22"&##$&ED9F6#7&#D::"%GD:&#"2%#

9&# R0<*801-#Q&P&-#)/#01&-#>%01+"%=(#*(=0%*%1+/)#+'#-&""2#0(;(0'+7"(#+)#14(#,0('()$(#/-#%==0($%)%'(#"!2#
7&1#)/1#.%10+?#.(1%""/,0/1(+)%'(#%$1+;+128#P</,<=/=*#B)*#S,)<-#$22O&#'(E"F6#7&#B9"&#"!!#

H&# ;=4-# '&T&-# )/# 01&-#@(%$1+;(A'+1(#.&1%)1'# /-# BACDEFAG# 14%1# '("($1+;("2# +)4+7+1# !9!ECHAI# %)*#"!$#
!9!ECHAJ6#7+/"/=+$%"#%)*#'10&$1&0%"#+.,"+$%1+/)'8#3=C+,)4#I-#$2!2&#"!'E!F6#7&#!!"G$$&#"!"#

O&# U)L)<V-#Q&-#)/#01&-#B(3#'(0&.#7+/$4(.+$%"#.%05(0'#K>/""#LAM#%)*#>/""#LAM#B:LN#-/0#'1&*2+)=#"!D#
/?+*%1+;(A0("%1(*# 12,(# DD# $/""%=()# )(13/05# *(=0%*%1+/)# +)# ,%1+()1'# 3+14# /'1(/%0140+1+'# %)*#"!:#
04(&.%1/+*#%0140+1+'8#W*/)C0</,<=/=*#@0</=10V)-#$22:&#'!E"F6#7&#$:OG9:&#"!9#

%&# @,<=*/V0(-# X&-# )/# 01&-# >/""%=()# 12,(# DD# >A1("/,(,1+*(# -0%=.()1'# %'# %)# +)*(?# /-# $%01+"%=(#"!H#
*(=0%*%1+/)8#3C>)-#$22!&##)E"F6#7&#$2%G!:&#"!O#

!2&# T()L>)<-# I&;&-# )/# 01&-# >/""%=()# -+70+"# *+'0&,1+/)# /$$&0'# (%0"2# +)# ,0+.%02# =&+)(%# ,+=# 5)((#"!%#
/'1(/%0140+1+'8#W*/)C0</,<=/=*#@0</=10V)-#$2!2&#'&E"F6#7&#"%HGD2:&#"$2#

!!&# R>(8*C>-#@&3&#0>8#J&#R>(8*C>-#>%01+"%=(#,0/1(/="2$%)'8#X)4=>#@)11#U)Y#3=C1-#$22!&#'#E$F6#7&#"$!#
9%GHO&#"$$#

!$&# ;=//1)-#@&3&-#)/#01&-#E%10+?#.(1%""/,0/1(+)%'(#MGA*(-+$+()1#.+$(#%0(# 0('+'1%)1# 1/#/'1(/%0140+1+$#"$"#
$%01+"%=(# (0/'+/)# 7&1# )/1# $4/)*0/$21(# 42,(010/,42# /0# /'1(/,421(# *(;("/,.()18# P</,<=/=*#"$D#
B,)(4-#$22%&#%(E!$F6#7&#"H$"G""&#"$:#

!"&# @1C()/-#I&-#)/#01&-#O0/.#/'1(/%0140+1+'#10(%1.()1'#1/#-&1&0(#0(=()(0%1+;(#14(0%,+('#-/0#$%01+"%=(8#"$9#
U<(V#U=*+CY#SC80Z-#$22%&#'"E!%G$2F6#7&#%!"G$:&#"$H#

!D&# ;0<VC-# B&-# )/# 01&-# P"&$/'%.+)(# +)4+7+1'# DQAM7(1%A+)*&$(*# BO5%,,%R# %$1+;%1+/)# +)# 4&.%)#"$O#
/'1(/%0140+1+$#$4/)*0/$21('8#W*/)C0</,<=/=*#@0</=10V)-#$22"&#''EDF6#7&#$%2GO&#"$%#

!:&# @,0>-#M&X&-#)/#01&-#P"&$/'%.+)(#%)*#$4/)*0/+1+)#'&"-%1(#0(=&"%1(#=()(#(?,0(''+/)#%)*#'2)14('+'#""2#
/-#)+10+$#/?+*(#%)*#,0/'1%="%)*+)#SKLN#+)#%01+$&"%0#$%01+"%=(#(?,"%)1'8#W*/)C0</,<=/=*#@0</=10V)-#""!#
$22:&#'!E:F6#7&#"OHG%D&#""$#

!9&# ;=77=)11C-# ;&-# )/# 01&-# D)# ;+;/# $4/)*0/,0/1($1+/)# %)*# .(1%7/"+$# '2)(0=2# /-# ="&$/'%.+)(# %)*#"""#
$4/)*0/+1+)#'&"-%1(8#@1=>#W</,C7#B)10/#B)*-#$222E"O!F6#7&#$$%GD2&#""D#

!H&# SC[,))8-# S&.&-# )/# 01&-#P"&$/'%.+)(# 14(0%,2# -/0# 10(%1+)=# /'1(/%0140+1+'8# @C+,<0>)# U0/0L0*)#"":#
XZ*/#B)Y-#$22:E$F6#7&#@U22$%D9&#""9#

!O&# B(+\)<-#B&3&-#!""/.(10+$# '$%"+)=T#.(1%7/"+$# 7/*2# '+U(# %)*# +)1(0',($+('# $/.,%0+'/)'# /-# 7%'%"#""H#
)&10+1+/)%"#0(V&+0(.()1'8#I#P>=4#M,Z*=C1#P>=4#'(/<#E3)<1F-#$22H&#)'E"GDF6#7&#!DOG:9&#""O#

!%&# B(+\)<-#B&#0>8#U&#X/C<4*-#D)1(0',($+('#$/.,%0+'/)'#/-#.+$0/)&10+()1#0(V&+0(.()1'6#.(1%7/"+$#""%#
;'8#%7'/"&1(#7/*2#'+U(8#I#'(/<-#$22$&#'!#E!2F6#7&#$%%%G"222&#"D2#

$2&# PV(//)<-# M&X&# 0>8# I&P&# S(*]Z>*\=-# !)%"21+$# 14(/0+('# /-# %""/.(10+$# '$%"+)=8# I# .A7# 3=C1-# $2!!&#"D!#
#'"EM/#HF6#7&#!2::G9$&#"D$#

$!&# ;0Y)</Z-# X&-# )/# 01&-# C4(# :!@HD# 4+'1/,%14/"/=2# +)+1+%1+;(# A# 0($/..()*%1+/)'# -/0# 4+'1/"/=+$%"#"D"#
%''(''.()1'#/-#/'1(/%0140+1+'#+)#14(#0%77+18#W*/)C0</,<=/=*#@0</=10V)-#$2!2&#'&*+,--.*!6#7&#X:"G"DD#
9:&#"D:#

$$&# R)11V<)>-#I&T&#0>8#I&X&#;0[<)>+)-#@%*+/"/=+$%"#%''(''.()1#/-#/'1(/A%0140/'+'8#P>>#B,)(4#U=*-#"D9#
!%:H&#'%EDF6#7&#D%DG:2$&#"DH#

$"&# 3C(1C+,)<-#@&3&-#)/#01&-#@%*+/=0%,4+$#%''(''.()1#/-#14(#-(./0/1+7+%"# </+)1#/-#14(#>>QC#0%77+1#"DO#
(?,(0+.()1%"#./*("#/-#/'1(/%0140+1+'8#3Q@#Q)8#^40V=>V-#$2!2&#'(6#7&#"&#"D%#



!"#
#

$"%# &'()'*'+# ,%-%+# !"#$%&' $()*&+' (,' (+-*(%.-/.#-#+0# .# -/01/*203'*'4# 5'/62(7*# 8(4'6714+# $99!%#:;9#
!<"=>#?%#:@:AB@%#:;!#

$;%# -CD'*+# E%+# '4# 7*%+#12-.%3*2-#3%&+' #"' 4(#"-' /*%&-/5' %"#$%&'$()*&+' %+' #"+-.2$*"-%&' -((&+0# F6/G#:;$#
FH012D#I2)7J+#$9!"%#!"<!9=>#?%#!@"KA!@;L%#:;:#

$@%# ,H(H+# M%+# '4# 7*%+# 6.(37%"#)#"' 89' :.*;*"-+' %.-#32&%.' 3%.-#&%<*' )*<*"*.%-#("' %")' /*-*.(-(:#3':;"#
3%.-#&%<*' ,(.$%-#("' #"' %' $(2+*' +2.<#3%&' (+-*(%.-/.#-#+' $()*&0# NO2P# Q('+# $9!$%# #<;=># ?%#:;;#
':BB$L%#:;@#

$B%# IH67*21R'+#S%+#'4#7*%+#=,,*3-'(,'(.%&'<&23(+%$#"*'("'3%.-#&%<*')*<.%)%-#("'#"'%'.%>>#-'$()*&'(,':;B#
(+-*(%.-/.#-#+0#,64R6H4H0#TR'/U+#$99;%#$%<"=>#?%#!!!LA$L%#:;L#

$L%# VR6H04H7(0'(+# &%,%+# '4# 7*%+# ?%"%<*$*"-' (,' @+-*(%.-/.#-#+' A#-/' !;(3%)(BC(7>*%"':;K#
D"+%:("#,#%>&*+0#V764H*7G'+#$9!;%#&<!=>#?%#:9A""%#:@9#

#:@!#
:@$#



!"#
#

Tables and figures legends $%$#

Table 1: The O A RSI scoring system used to evaluate O A severity. $%&#

 $%"#

Table 2: The radiographic scoring system used to evaluate O A sever ity. $%%#

 $%'#

Table 3: H T and/or PCy body weight in mice. $%(#

 $%)#

F igure 1: H T and/or PCy diet slows down the progression of mid-stage O A in D M M mice. Mice $'*#

(n=6 per group) underwent DMM of the right knee. Mice received supplemented diet GlcN, HT and/or $'!#

PCy for 12 weeks starting 4 weeks before surgery. Safranin O staining (red) (A) and OARSI score (B) $'+#

of standard diet (Ct), GlcN, HT, PCy and HT/PCy diet groups at 8 weeks following DMM. $'$#

Arrowheads indicate the area of cartilage erosion. *p<0.05 compared to Ct. Original magnification $'&#

x10. $'"#

 $'%#

F igure 2: H T and/or PCy intake#slows E C M degradation in D M M mice. Mice (n=6 per group) $''#

underwent DMM of the right knee. Mice received supplemented diet GlcN, HT and/or PCy for 12 $'(#

weeks starting 4 weeks before DMM. Immunohistochemical staining (brown areas) using antibodies $')#

against type 2 collagen (coll 2), aggrecan (ACAN) and NITEGE in DMM mice receiving diet $(*#

supplementation with GlcN, HT and/or PCy. Arrowheads indicate NITEGE staining in Ct group $(!#

following DMM. Original magnification x40. $(+#

 $($#

Table 4: . $(&#

 $("#

F igure 3: H T/PCy decreased radiographic O A score on A C L T rabbit model. Rabbits (n=6 per $(%#

group) underwent ACLT of the right knee. NaCl (Ct), GlcN or HT/PCy were administrated every two $('#

days for 13 weeks starting 3 weeks before surgery, X-ray (A) and radiographic score (B) of lateral $((#

control or ACLT untreated rabbits or treated with GlcN or HT/PCy at 10 weeks following surgery. $()#
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*p>0.05 compared to lateral control within the same group; #p>0.05 compared to ACLT receiving $%&#

NaCl (Ct) group.#White filled stars show osteophytes formation following ACLT. $%!#

 $%'#

F igure 4:# H T/PCy treatment protects from joint swelling in A C L T rabbits. Knees width $%$#

measurement of rabbits at 10 weeks following ACLT (n=6 per group) after NaCl (Ct), GlcN or $%(#

HT/PCy administration every two days for 13 weeks. Left knees on the photos from each group $%)#

represent lateral control and the right knees underwent ACLT. Horizontal lines represent the locations $%"#

where measurements were made *p< 0.05 compared to lateral control of same experimental group. $%*#

 $%+#

F igure 5: H T/PCy treatment slows the progression of mid-stage O A in A C L T rabbits. HES $%%#

staining (A) and OARSI score (B) of joints from rabbits (n=6 per group) 10 weeks following ACLT of (&&#

the right knee that received NaCl (Ct), GlcN, HT/PCy treatment every two days for 13 weeks. Arrows (&!#

indicate the area of cartilage erosion following ACLT. *p>0.05 compared to lateral control within the (&'#

same group; #p>0.05 compared to ACLT receiving NaCl (Ct) group. Original magnification x2.5. (&$#

 (&(#

F igure 6: H T/PCy treatment slows E C M degradation. Immunohistochemical staining (brown (&)#

areas) using antibodies against type 2 collagen (coll 2), aggrecan (ACAN) and NITEGE which detects (&"#

the degraded aggrecan product in ACLT rabbits (n=6 per group) 10 weeks following surgery treatment (&*#

every two days for 13 weeks with NaCl, GlcN or HT/PCy. Original magnification x10. (&+#

                          (&%#
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Chondrocytes death 

None 0 
 1 
 2 
 3 
 4 
 5 

Hypertrophy None 0 
Presence 1 

Clusters 

None 0 
Superficial zone  1 

Middle zone 2 
Complexe structures 3 

Mild layer cyst formation 4 

Loss of Safranin-O staining 

None 0 
Superficial zone of non-calcified cartilage 1 

Middle zone of non-calcified cartilage 2 
Non-calcified cartilage and intense staining around clusters 3 

Absent with staining around clusters 4 
Absent 5 

Surface 

Intact 0 
Superficial fibrillation or abrasion 1 

Deep fibrillation 2 
Vertical fissures 3 

Delamination/ excavation 4 

Bone 
None 0 

Denudation 4 
Microfracture 5 
Remodelling 6 

 
Total 25 
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Menisci calcification 
None 0 

1 1 
2 2 

Number of visible osteophytes      

 - Medial tibial condyle 
None 0 
Small 1 

Moderate - Severe 2 

- Medial femoral condyle 
None 0 
Small 1 

Moderate - Severe 2 
- Medial fabella 

None 0 
Small 1 

Structural modifications of subchondral bone (sclerosis) 
None 0 

Low - Moderate 1 
Moderate - High 2 

Width of the joint space 
Normal 0 
Reduced 1 
Absent 2 

Calcification of tendons and ligaments 
None 0 
1 site 1 

> 1 site 2 

 
Total 13 
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Use of procyanidin and hydroxytyrosol in osteoarthritis prevention 

 

"+<1.+!
 

pathologie qui affecte une part 
grandissante de la population. Actuellement, parmi les 
différentes solutions thérapeutiques existantes, aucune 

dégradation du c
mieux connus et laissent envisager une prise en charge 
étiologique, et non plus uniquement symptomatique. Il 

promet

une approche translationnelle. Nous avons pu 
démontrer que ces molécules ont un effet protecteur sur 
la production de marqueurs inflammatoires et 

-
chondrocytes isolés ainsi que dans des explants de 
cartilage. Notre travail a aussi montré que les extraits 
sont biodisponibles dans le sérum après administration 
orale et conservent leurs effets chondroprotecteurs chez 
le lapin et le chien. Notre étude a enfin souligné une 

procyanidines de la sévérit

résultats offrent une alternative prometteuse dans la 
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J@<9,739!
 
Osteoarthritis (OA) is a major health concern that affects 
a growing part of the aging population. Nowadays, 
among differents existing therapeutic strategies, none of 
them is able to treat the origin of the disease. The 
mechanisms leading to inflammation and cartilage 
breakdown are well understood and allow defining an 
etiologic and not only symptomatic patient care. The 
nutraceutical use in prevention of OA seems to be an 
interesting strategy. In this way, our study was focused 
on the development of preventive strategy of OA by 
using hydroxytyrosol and/or procyanidines which were 
extracted from olive and grape for a translational 
approach. We showed that these molecules had a 
protective effect on the production of inflammatory and 

-
isolated cells and in cartilage explants. Our work has 
also demonstrated that the extracts are bioavailable 
after oral administration and conserved their 
chondroprotective effect in rabbit and dog. Finally, our 
study underlined a nutritional prevention with 
hydroxytyrosol and/or procyanidines on surgically 
induced osteoarthritis in mice and rabbit. Altogether, 
these results offered promising alternatives in the 
design of new strategy in nutraceutical management of 
OA. 
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