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Introduction

Osteoarthritis (OA) is a degenerative joint disease, charac-
terized by the breakdown of articular cartilage and sub-
chondral bone, whose incidence increases with age.1,2 
Diabetes is also a major risk factor for OA,3,4 possibly due 
to the perpetual state of serum hyperglycemia and accumu-
lation of advanced glycation end-products (AGEs) in tis-
sues throughout the body.5 Driven by the Maillard reaction, 
AGEs accumulate on low-turnover proteins as a result of 
nonenzymatic glycation as reducing sugars like glucose, 
ribose, and other aldoses react with lysine and arginine resi-
dues in type II collagen of cartilage to form AGE crosslinks 
like pentosidine and N-(ε)-carboxymethyl-lysine (CML).6 
Due to the low-turnover rate of collagen, AGE accumu-
lation on the protein increases with age,7,8 stiffening the 
cartilage tissue; therefore, making it more brittle and suscep
tible to fracture.1,2,9 AGE accumulation has also been cor-
related with elevated senescent activity leading to reduced 

chondrocyte metabolism and biosynthesis rates, increasing 
the likelihood of cartilage breakdown and OA progres-
sion.2,10,11 AGEs, through binding with and activation of the 

988768 CARXXX10.1177/1947603520988768CartilageMehta et al.
research-article2021

1Department of Bioengineering, Northeastern University, Boston, MA, USA
2Department of Chemical Engineering, Northeastern University, Boston, 
MA, USA
3Department of Biochemistry, Northeastern University, Boston, MA, USA
4Department of Mechanical & Industrial Engineering, Northeastern 
University, Boston, MA, USA
5Department of Biology, Northeastern University, Boston, MA, USA

*These authors contributed equally to this work.

Supplementary material for this article is available on the Cartilage 
website at https://journals.sagepub.com/home/car.

Corresponding Author:
Ambika G. Bajpayee, Department of Bioengineering, Northeastern 
University, ISEC Room 216, 805 Columbus Avenue, Boston,  
MA 02115, USA. 
Email: a.bajpayee@northeastern.edu

Resveratrol and Curcumin Attenuate  
Ex Vivo Sugar-Induced Cartilage Glycation, 
Stiffening, Senescence, and Degeneration

Shikhar Mehta1* , Cameron C. Young2*, Matthew R. Warren1,  
Sumayyah Akhtar3, Sandra J. Shefelbine1,4, Justin D. Crane5,  
and Ambika G. Bajpayee1,4

Abstract
Objective. Advanced glycation end-product (AGE) accumulation is implicated in osteoarthritis (OA) pathogenesis in aging and 
diabetic populations. Here, we develop a representative nonenzymatic glycation-induced OA cartilage explant culture model 
and investigate the effectiveness of resveratrol, curcumin, and eugenol in inhibiting AGEs and the structural and biological 
hallmarks of cartilage degeneration. Design. Bovine cartilage explants were treated with AGE–bovine serum albumin, threose, 
and ribose to determine the optimal conditions that induce physiological levels of AGEs while maintaining chondrocyte 
viability. AGE crosslinks, tissue stiffness, cell viability, metabolism and senescence, nitrite release and loss of glycosaminoglycans 
were assessed. Explants were cotreated with resveratrol, curcumin, or eugenol to evaluate their anti-AGE properties. Blind 
docking analysis was conducted to estimate binding energies of drugs with collagen II. Results. Treatment with 100 mM 
ribose significantly increased AGE crosslink formation and tissue stiffness, resulting in reduced chondrocyte metabolism 
and enhanced senescence. Blind docking analysis revealed stronger binding energies of both resveratrol and curcumin than 
ribose, with glycation sites along a human collagen II fragment, indicating their increased likelihood of competitively inhibiting 
ribose activity. Resveratrol and curcumin, but not eugenol, successfully inhibited AGE crosslink formation and its associated 
downstream biological response. Conclusions. We establish a cartilage explant model of OA that recapitulates several aspects 
of aged human cartilage. We find that resveratrol and curcumin are effective anti-AGE therapeutics with the potential to 
decelerate age-related and diabetes-induced OA. This in vitro nonenzymatic glycation-induced model provides a tool for 
screening OA drugs, to simultaneously evaluate AGE-induced biological and mechanical changes.
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receptor for AGEs (RAGE), have further been shown to 
upregulate several catabolic and inflammatory markers, 
including interleukins IL-1, IL-6, IL-8, matrix metallopro-
teinase (MMP)-13, COX-2, PGE2, and NO,12-14 which can 
degrade the cartilage matrix resulting in loss of glycosami-
noglycans (GAGs) and collagen. Therefore, inhibiting AGE 
formation is a plausible therapeutic strategy to slow down 
aging-induced OA, especially in the diabetic population.

Natural compounds resveratrol, curcumin, and eugenol 
have been shown to possess anti-AGE properties due to the 
presence of para-hydroxyl groups in their structure that 
have strong binding affinity for arginine and lysine resi-
dues, which can competitively inhibit AGE formation.15,16 
Resveratrol was shown to suppress the IL-1-induced inflam-
matory response of AGE-treated porcine chondrocytes.17 
Similarly, AGE-induced inflammation was reduced in  
rabbit chondrocytes treated with curcumin.18 Eugenol was 
recently shown to reduce glycation of serum albumin15  
but has not yet been investigated in cartilage. Most of  
the OA-focused studies evaluating biological response to 
AGEs and their inhibitors have utilized cells and not carti-
lage explants; therefore, the role of these drugs in suppress-
ing AGE accumulation in the cartilage matrix to restore 
tissue biomechanical properties and attenuate the resulting 
downstream matrix and cellular dysfunction remains unex-
plored. In vitro studies using chondrocytes treated with 
AGE–bovine serum albumin (BSA) have shown that acti-
vation of RAGE triggers an inflammatory response, how-
ever these models are unable to evaluate the glycating 
effects on the tissue.12,14 Treatment of cartilage explants 
with high concentrations of threose and ribose has been 
used to mimic the aging process of AGE crosslink accumu-
lation and altered tissue mechanical properties.1,9,10,19,20 
However, use of high sugar concentrations results in com-
plete chondrocyte death making it difficult to study both 
the biochemical and cellular effects of AGE crosslinks 
within the same explant model.

Here, we optimize sugar concentration to create a live car-
tilage explant culture model of AGE-induced OA. This model 
exhibits increased tissue matrix stiffness while maintaining 
chondrocyte viability but reduced metabolic activity that 
accurately mimics the properties of OA tissue in vivo. We use 
this model, with addition of inflammatory cytokine IL-1, to 
study the anti-AGE properties of resveratrol, curcumin, and 
eugenol in inhibiting AGE-induced nonenzymatic mechani-
cal crosslinking and the resulting downstream biological 
response associated with upregulation of catabolic and 
inflammatory markers at matrix and cellular levels.

Methods

Materials

Dulbecco’s modified Eagle medium (DMEM) was pur-
chased from Cellgro (Masassas, VA). Media supplements 

including nonessential amino acids (NEAA), HEPES  
buffer, and insulin-transferrin-selenium (ITS) were from 
Gibco (Carlsbad, CA). l-Proline and ascorbic acid were 
from Fisher Bioreagents (Pittsburgh, PA). AGE-BSA, 
threose, and ribose and additional reagents not explicitly 
mentioned were from Sigma-Aldrich (St. Louis, MO). 
Human recombinant IL-1α was purchased from PeproTech 
(Rocky Hill, NJ). Resveratrol and eugenol were from Alfa 
Aesar (Tewksbury, MA) whereas curcumin was from 
Aeros Organics (Geel, Belgium).

Harvest of Cartilage Tissue Explants and 
Articular Chondrocytes

Cylindrical cartilage plugs were harvested from the femoro-
patellar groove of 2- to 3-week-old bovine knee joints 
(Research 87, Boylston, MA) using a 3-mm dermal punch. 
Cartilage plugs were sliced to obtain a 1-mm thick disk 
inclusive of the superficial zone.21,22 Prior to any treatment, 
explants were equilibrated in serum-free culture media con-
taining low-glucose DMEM for 2 days at 37°C and 5% CO2 
as previously described.21 Cartilage slices were obtained 
from the medial and lateral femoral condyles and then 
digested using pronase and collagenase enzymes using pre-
viously published methods.23,24 The articular bovine chon-
drocytes were then frozen in liquid nitrogen until further 
use for senescence experiments.

Treatment of Cartilage Explants with Glycating 
Agents AGE-BSA, Threose, and Ribose

To induce glycation, cartilage explants were incubated with 
a wide dose range of AGE-modified bovine serum albumin 
(AGE-BSA, 300-900 μg/mL), threose (10 mM), or ribose 
(10, 30, 100, and 300 mM) for 8 days at 37°C and 5% CO2 
with media replenished every 2 days. Following treatment, 
explants were evaluated for AGE crosslinks, equilibrium 
modulus, cell viability, metabolism, nitrite release, and 
GAG loss. The concentration range of glycating agents are 
based on prior literature evaluating biological effectiveness 
in cell culture or change in tissue mechanical properties 
using dead cartilage explants.12,20

Blind Docking

In order to anticipate the competitive binding efficacy of 
natural, anti-aging drugs to the glycation sites of type II  
collagen—arginine and lysine residues—blind docking 
simulations were conducted. Interactions between the 
molecular structures of ligands (ribose, resveratrol, cur-
cumin, and eugenol obtained from DrugBank) and a 38-res-
idue, human type II collagen fragment (RCSB Protein Data 
Bank: 6HG7) were simulated using the Achilles Blind 
Docking Server. A weighted binding energy (WBE) score 
for each binding site was estimated by multiplying the BE 

https://bio-hpc.ucam.edu/achilles/
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by the number of conformations at that site and dividing by 
the total number of conformations. The WBEs for each pro-
tein-ligand interaction were plotted along the horizontal 
length of collagen. Ligand-residue interactions were visual-
ized for each ligand at the site of highest BE. Further details 
can be found in the supplemental information.

Treatment of Cartilage Explants with Potential 
AGE-Inhibitors

Frozen-dead cartilage explants were incubated in phosphate 
buffered saline (PBS) with 100 mM ribose and 500 μM res-
veratrol, 500 μM curcumin, or 20 mM eugenol for 6 days at 
37°C. High drug doses were used for this study to clearly 
establish presence or absence of anti-AGE properties and to 
produce measurable changes in mechanical properties using 
the methods described. Following the 6-day culture treat-
ment, explants were evaluated for AGE crosslinks, equilib-
rium modulus, and permeability.

An 8-day follow-up experiment was then designed using 
live, 100 mM ribose-treated cartilage explants that were 
administered therapeutic doses of resveratrol (50 μM),  
curcumin (12 μM), and eugenol (200 μM). Resveratrol  
and curcumin doses were chosen based on prior published 
work25; however, 50 μM curcumin was found to be cyto-
toxic (Supplemental Fig. S1a), which is consistent with the 
results of Clutterbuck et al.26 Thus, a reduced dose of 12 
μM curcumin was used for biological studies. In order to 
induce an inflammatory response similar to one caused by 
AGEs activating RAGE,27 explants were cotreated with 
exogenous IL-1α. Following treatment, explants were eval-
uated for AGE crosslinks, equilibrium modulus, cell viabil-
ity, metabolism, nitrite release, and GAG loss. Drug doses 
were chosen based on prior literature either showing thera-
peutic effects in AGE-treated chondrocyte culture or no 
cytotoxicity.17,18,25,26,28

Mechanical Properties of Cartilage Explants and 
Quantification of AGE Crosslinks

Following culture, explants were subjected to uniaxial, 
unconfined stress-relaxation testing using a dynamic 
mechanical analyzer (ElectroForce 5500, TA Instruments) 
with 3 step-strain intervals of 4%, 6%, and 8%, with strains 
applied at 0.0001 mm/s and held for 600 seconds 
(Supplemental Fig. S2a). WinTest software was used to col-
lect stress response data as a function of time which was 
then fitted to the standard linear viscoelastic (SLV) model 
(Supplemental Fig. S2b). The model allowed for the deter-
mination of equilibrium modulus (E) from the ratio of equi-
librium residual stress in tissue (σ∞ ) and applied strain (ε) 
as well as the characteristic time constant (τ) over which 
63.2% of the stress in the tissue relaxes as a result of fluid 
flow, using which, tissue permeability (K) was estimated as 
described previously.29,30 To measure AGE crosslinks in 

cartilage, explants were digested using proteinase K and 
fluorescence readings were obtained at 370 nm excitation 
and 440 nm emission.31

Chondrocyte Viability and Metabolism

At the end of culture, 100- to 200-μm thick cross-sections 
of cartilage explants were stained with fluorescein diacetate 
and propidium iodide and imaged using a Nikon fluorescent 
microscope at 4× objective.21 Percentage of viable cells 
was quantified using ImageJ and is reported in Supplemental 
Figure S3. Note that viability images for curcumin treat-
ment were obtained from chondrocyte cultures instead of 
cartilage tissues as the potent yellow color of curcumin 
brightly stained the tissue matrix, hindering imaging under 
fluorescent light. Chondrocyte staining is shown in 
Supplemental Figure S1. The Alamar Blue assay was used 
to assess cell metabolism at the end of culture as previously 
described, with fluorescence measurements obtained on a 
microplate reader (Biotek).21

Nitrite Release and GAG Loss from Cartilage 
Explants

Nitrite released into the media from cartilage explants was 
determined using the Griess Assay with sodium nitrite as a 
standard.21 At the end of culture, digested cartilage explants 
and culture media were assessed for total GAG content 
using the dimethyl-methylene blue (DMMB) assay.32

Chondrocyte Senescence

Primary bovine chondrocytes were seeded at 200,000 cells 
per well in 48-well plates in culture media containing  
high-glucose DMEM, supplemented with 10% fetal bovine 
serum (FBS), and GlutaMAX and antibiotic-antimycotic at 
1% (V/V) each. Cells were allowed to adhere for 24 hours 
prior to any treatment. Cells were cultured in media supple-
mented with 100 mM ribose and then treated with or with-
out IL-1α (2 ng/mL). Cultures were also administered 50 
μM resveratrol, 12 μM curcumin, or 200 μM eugenol and 
incubated for 8 days with media being replenished every 3 
days. At the end of culture, chondrocytes were evaluated for 
senescence using a Senescence Detection Kit (BioVision, 
Milpitas, CA), per manufacturer’s recommendations and 
imaged using a Nikon microscope at 200× magnification.

Statistical Analysis

For in vitro culture experiments, general linear mixed 
effects model was used with animal as a random variable. 
Tukey’s honestly significant difference (HSD) was used 
for comparing data across treatment conditions. No statis-
tical differences were found between animals; thus, the 
data were pooled together. Seven bovine joints were used 
(3 independent repeats) with n = 12 to 18 explants  
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(or wells) per treatment condition. All biochemical assays 
were performed in triplicate. Data are presented as mean 
± 95% confidence interval. P < 0.05 was considered 
statistically significant.

Results

Ribose Treatment Induces AGEs while Keeping 
Chondrocytes Viable Simulating In Vitro Model 
of Aged OA Cartilage Explant

Our data shows that treatment with 300 to 900 μg/mL AGE-
BSA (data shown only for lowest concentration) did not 
increase AGE crosslinks or cartilage stiffness due to the 
inability of a preglycated form of BSA to crosslink collagen 
(Fig. 1a and b). Cells remained mostly viable similar to 
control (Fig. 1c, Supplemental Fig. S3a), but the cell metab-
olism dropped by 1.5× (P < 0.0001, Fig. 1d) releasing 
12× higher levels of nitrites compared to control (Fig. 1e). 
On the other hand, 10 mM threose led to 24× higher levels 
of AGEs making cartilage 2.2 times stiffer than control  
(P < 0.0001, Fig. 1a and d). These crosslinks also pre-
vented release of GAGs from the tissue as shown by sig-
nificantly lower GAG loss compared with control by day 8  
(P = 0.0005 at day 8, Fig. 1f). However, complete cell 
death and loss of metabolism was observed which pre-
cluded its further use in developing a live AGE-induced OA 
cartilage model (Fig. 1c and d).

Ten micromolar (10 mM) ribose treatment showed 
maintenance of cell viability while reducing metabolism; 
however, despite trending upward, it was unable to signifi-
cantly increase the AGE content or cartilage stiffness. 
Thus, an 8-day dose optimization study was conducted 
using higher ribose concentrations (Fig. 2). A dose-depen-
dent increase in AGE crosslinks was observed with 30, 
100, and 300 mM ribose elevating to 1.8×, 3.8× (P < 
0.0001), and 9× (P < 0.0001) of control, respectively 
(Fig. 2a). Both 100 and 300 mM ribose resulted in 2.4× 
stiffer cartilage than control (P < 0.0001, Fig. 2b). After 8 
days of culture, 30 and 100 mM ribose-treated explants 
had viable cells, whereas the 300 mM condition resulted 
in complete cell death (Fig. 2c, Supplemental Figure S3b). 
All 3 concentrations significantly lowered chondrocyte 
metabolism after 8 days in a dose-dependent manner (P < 
0.0001), with 300 mM having the most profound impact 
(Fig. 2d). Unlike treatment with AGE-BSA, ribose did not 
initiate an inflammatory response via nitrite release, 
despite inducing significant accumulation of AGE cross-
links (Fig. 2e). Ribose reduced GAG loss in a dose-depen-
dent manner compared with control from day 4 through 
day 8 (Fig. 2f). This can be attributed to increased AGE 
crosslinks (Fig. 2a) that reduce matrix permeability, pre-
venting escape of GAG fragments from the tissue and to 
the reduced cell metabolism (Fig. 2d) that limits proteo-
glycan biosynthesis.33

Resveratrol and Curcumin Bind More Strongly to 
Collagen II Glycation Sites than Ribose

In silico blind docking analysis revealed that ribose, and all 3 
experimental therapeutics—resveratrol, curcumin, and euge-
nol—strongly associated with arginine and lysine residues on 
the human collagen II fragment in multiple conformations 
relative to other binding sites on the protein fragment. WBE 
scores were plotted against the horizontal binding coordinate 
for each protein-ligand combination to visualize BE across 
the entire surface of the collagen II fragment (Fig. 3a). The 
strongest WBE for ribose and each experimental drug 
occurred at the location of arginine and lysine residues, par-
ticularly Lys-14 and Arg-17, which correspond to Lys-1130 
and Arg-1133 of human collagen II alpha I chain,34 as visual-
ized by the ligand-residue interactions (Fig. 3b). Of the  
4 ligands, ribose had the weakest WBE at this site, with a 
value of −0.9028 kcal/mol. The WBE of eugenol was similar 
at −1.0472 kcal/mol, while the WBE for curcumin and resve-
ratrol were stronger at −1.5306 and −1.5741 kcal/mol, 
respectively (Table 1). A complete table of WBEs for each 
protein-ligand combination can be found in Supplemental 
Table 1.

Resveratrol and Curcumin, but Not Eugenol, 
Inhibit Ribose-Induced AGE Crosslinks

To validate the in silico blind docking results and evaluate 
the anti-AGE efficacy of potential AGE inhibitors in vitro, 
100 mM ribose treatment was used as it effectively 
increased AGE crosslinks to physiological concentrations 
that increased matrix stiffness and reduced GAG loss while 
maintaining cell viability with reduced metabolism. 
Following 6-day treatment of 500 μM resveratrol, 500 μM 
curcumin, or 20 mM eugenol on frozen-dead cartilage 
explants treated with 100 mM ribose, resveratrol and cur-
cumin showed significantly reduced AGE crosslinks, but 
eugenol did not (Fig. 4a). Consistent with these trends, car-
tilage stiffness reduced, while permeability increased by 3 
to 4 times compared to ribose with resveratrol and curcumin 
treatment, but no change was seen with eugenol (Fig. 4b 
and c).

Resveratrol and Curcumin Can Rescue Both 
Nonenzymatic Glycation and Enzymatic 
Degradation at Matrix and Cellular Level,  
but Eugenol Cannot

At therapeutic doses (not cytotoxic), resveratrol (50 μM) 
and curcumin (12 μM) were effective in partially inhibiting 
ribose-induced AGE crosslinks while reducing cartilage 
stiffness and increasing its permeability, but eugenol (200 
μM) was not (Fig. 5a-c). Presence of IL-1 did not alter AGE 
concentration in ribose or drug treated conditions.
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As ribose treatment alone did not produce a measurable 
inflammatory response within the short 8-day culture (Fig. 
2e), IL-1, a downstream inflammatory marker of AGEs, was 
also administered to live cartilage explants for biological 
studies. IL-1 treatment resulted in complete cell death by 8 
days of culture in both control and 100 mM Ribose condi-
tions (Fig. 6a, Supplemental Fig. S3c); however, no further 
drop in cellular metabolism than with ribose treatment was 
observed. Resveratrol and curcumin effectively rescued cell 

death induced by IL-1 but did not restore cellular metabo-
lism levels (Fig. 6b). IL-1 treatment significantly enhanced 
nitrite release, which was suppressed in the presence of 
ribose. Since ribose is an integral component of ATP (ade-
nosine triphosphate), its supplementation can enhance ATP 
availability as a cellular fuel source, thereby limiting the 
inflammatory effects of IL-1. Treatment with resveratrol and 
curcumin further suppressed this nitrite release (Fig. 6c). By 
day 8, both resveratrol and curcumin were able to bring back 

Figure 1. E valuating efficacy of various glycating agents. Bovine cartilage explants cultured for 8 days and treated with either 300 μg/
mL advanced glycation end-product–bovine serum albumin (AGE-BSA), 10 mM threose or 10 mM ribose. Quantification of (a) AGE 
crosslinks and (b) equilibrium modulus. Chondrocyte viability images in (c) with green and red colors used to show viable and nonviable 
cells, respectively. Arrow points toward superficial layer of cartilage. Refer to Supplemental Figure S3a for quantification of viability. 
Cell metabolism in (d), cumulative nitrite release in (e), and cumulative GAG loss in (f ). Data are presented as mean ± 95% confidence 
interval. *Versus control (P < 0.05). Statistical markers are colored with respect to the data.
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GAG loss levels that were suppressed by ribose to control 
level (Fig. 6d); both drugs are thus effective at inhibiting 
ribose-induced AGE crosslinks, thereby increasing tissue 
matrix permeability, which allows for easier release of 
GAGs, which were otherwise trapped within the dense AGE 

crosslinked collagen network of tissue. IL-1, as expected, 
upregulated GAG loss compared with untreated control, los-
ing 1.9× more GAGs by day 8 (P < 0.0001), but in the 
presence of ribose-induced AGE crosslinks, GAG loss signifi-
cantly dropped from day 4 onward (P = 0.0016) compared 

Figure 2. R ibose dose response. Bovine cartilage explants cultured for 8 days and treated with 30, 100, or 300 mM ribose. Quantification 
of (a) AGE crosslinks and (b) equilibrium modulus. Chondrocyte viability images in (c) with green and red colors used to show viable 
and nonviable cells, respectively. Arrow points toward superficial layer of cartilage. Refer to Supplemental Figure S3b for quantification 
of viability. Cell metabolism in (d), cumulative nitrite release in (e), and cumulative GAG loss in (f). Data are presented as mean ± 95% 
confidence interval. *Versus control (P < 0.05). Statistical markers are colored with respect to the data.Lique laborem atem assint.
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Figure 3.  Blind docking analysis of a human collagen II fragment with ribose, resveratrol, curcumin, and eugenol. (a) Weighted binding 
energy (WBE) of protein-ligand interactions at each binding site along the horizontal length of the collagen II fragment. The location 
of arginine and lysine residues within the protein structure are shown in green and purple, respectively. The global minimum WBE is 
marked and displayed for each ligand. (b) Images show each ligand, in orange, binding to specific residues, in teal, at the point of greatest 
binding energy for each molecule. Hydrogen bonds are represented by solid blue lines, pi stacking is represented by dashed green lines, 
and hydrophobic interactions are represented by dashed gray lines.

Table 1. L ocation of Strongest Weighted Binding Energy (WBE) for Each Protein-Ligand Interaction along Type II Collagen 
Fragment.

Ligand
Horizontal Coordinate  

(Å from Protein Center) Binding Energy (kcal/mol)
No. of Conformations  

in Cluster WBE (kcal/mol)

Ribose 8.35 −3.9 25 −0.9028
Resveratrol 10.03 −5.0 34 −1.5741
Curcumin 12.23 −5.7 29 −1.5306
Eugenol 9.39 −3.9 29 −1.0472
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Figure 4.  Mechanical response to potential advanced glycation 
end-product (AGE) inhibitors. Frozen-dead bovine cartilage 
explants incubated for 6 days and treated with 100 mM ribose 
and 500 μM resveratrol, 500 μM curcumin, or 20 mM eugenol. 
Data are presented as mean ± 95% confidence interval for (a) 
AGE crosslinks, (b) equilibrium modulus, and (c) permeability. 
*Versus control, #versus 100 mM ribose condition (P < 0.05).

Figure 5.  Biomechanical response to potential advanced 
glycation end-product (AGE) inhibitors. Bovine cartilage explants 
cultured for 8 days and treated with 100 mM ribose with or 
without interleukin-1-alpha (IL-1α) (2 ng/mL). Explants were 
further treated with 50 μM resveratrol, 12 μM curcumin, or 
200 μM eugenol. Data are presented as mean ± 95% confidence 
interval for (a) AGE crosslinks, (b) equilibrium modulus, and (c) 
permeability. *Versus respective control, #versus respective 100 
mM ribose condition (P < 0.05). Statistical markers are colored 
with respect to the bars.
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with IL-1 only treatment. Consistent with trends observed  
in the no IL-1 condition, both resveratrol and curcumin 
increased GAG loss levels by 1.2 times (P = 0.021) and 1.5 

times (P < 0.0001) compared with the IL-1 + 100 mM 
ribose condition by day 8, respectively. Eugenol treatment 
resulted in statistically similar GAG loss to IL-1 + 100 mM 

Figure 6.  Biological response to potential advanced glycation end-product (AGE) inhibitors. Bovine cartilage explants cultured for 8 
days and treated with 100 mM ribose with or without interleukin-1-alpha (IL-1α) (2 ng/mL). Explants were further treated with 50 μM 
resveratrol, 12 μM curcumin, or 200 μM eugenol. (a) Cartilage tissue viability images with green and red colors used to show viable and 
nonviable cells, respectively. Arrow points toward superficial layer of cartilage. Refer to Supplemental Figure S3c for quantification of 
viability. Twelve micromolar curcumin images shown are representative tissue images based on observations from 8-day chondrocyte 
cultures. Refer to Supplemental Figure S1b for chondrocyte culture images. Data are presented as mean ± 95% confidence interval 
for (b) cell metabolism, (c) cumulative nitrite release, and (d) cumulative glycosaminoglycan (GAG) loss. *Versus respective control, 
#versus respective 100 mM ribose condition (P < 0.05). Statistical markers are colored with respect to the bars.



Mehta et al.	 1223S

ribose-treated explants. Finally, ribose treatment with or 
without IL-1 increased chondrocyte senescence by day 8, 
which was also rescued by both resveratrol and curcumin 
but not by eugenol (Fig. 7).

Discussion

Excessive levels of AGEs in tissues are pathogenic and 
result in elevated levels of oxidative stress and inflamma-
tion that contributes to aging, diabetic complications, and 

several degenerative cartilage diseases including OA.35  
In cartilage, AGEs are formed through a nonenzymatic 
reaction between sugars and primary amines on collagen II 
and accumulate with age or are accelerated in response to 
chronic hyperglycemia in diabetes. AGEs have adverse 
effects on the cartilage extracellular matrix as well as on 
cellular health. Their accumulation increases collagen 
crosslinking, which increases cartilage stiffness, making the 
tissue more brittle and susceptible to fracture.1,2,9 In chon-
drocytes, AGEs can bind to the receptor RAGE, increasing 

Figure 7.  Senescence staining in response to potential advanced glycation end-product (AGE) inhibitors. Bovine articular chondrocytes 
cultured for 8 days and treated with 100 mM ribose with or without interleukin-1-alpha (IL-1α) (2 ng/mL). Chondrocytes were further 
treated with 50 μM resveratrol, 12 μM curcumin, or 200 μM eugenol. (a) Chondrocyte senescence images obtained using senescence-
associated β-galactosidase (SA β-Gal) assay. Representative images of each condition showing presence of staining indicative of 
senescence. (b) Quantification of SA β-Gal positive cells shown as a percentage of total cells. Data are presented as mean ± 95% 
confidence interval. *Versus respective control, #versus respective 100 mM ribose condition (P < 0.05). Statistical markers are colored 
with respect to the bars.
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production of inflammatory cytokines (e.g., IL-1, IL-6, and 
TNF-α), inflammatory mediators (e.g., nitric oxide), and 
degradative enzymes (e.g., MMPs), which both degrade 
and suppress the biosynthesis of GAGs and type II collagen 
in cartilage.12-14 Therefore, inhibiting AGEs is a plausible 
therapeutic strategy to slow down aging-induced OA espe-
cially in the diabetic population. Here, we developed a car-
tilage explant culture model that better represents age-related 
OA in vivo by increasing AGE crosslinking (3-4 times) and 
tissue stiffness (2 times) levels comparable to those of 
60-year-old human cartilage,8,36 while lowering metabolic 
activity and enhancing senescence yet minimally affecting 
cell viability.2 We used a blind docking approach to predict 
the anti-AGE capabilities of resveratrol, curcumin, and 
eugenol before utilizing the developed live explant culture 
model for evaluating the drugs’ in vitro ability to inhibit 
nonenzymatic AGE-induced mechanical crosslinking and the 
resulting downstream biological response in the presence 
and absence of IL-1α.

Blind docking analysis revealed that resveratrol and cur-
cumin possessed higher binding energies for lysine and argi-
nine residues on the collagen II fragment compared with 
ribose, thereby indicating that these drugs have a strong like-
lihood of competitively inhibiting AGE accumulation in 
vitro, which was confirmed by our explant studies (Table 1, 
Figs. 4 and 5). The drugs’ efficacy can be attributed to their 
plant-based, polyphenolic, antioxidant nature because of the 
presence of free para-hydroxyl (4′-OH) groups16 that can 
contribute to their anti-glycation ability. This was further 
confirmed by blind docking analysis as strong hydrogen 
bonding was seen between the 4′-OH groups and collagen II 
arginine and lysine residues (Fig. 4b). The greater number of 
free hydroxyl groups in resveratrol and curcumin over euge-
nol may also explain their stronger association to primary 
glycation sites. It should be noted that lysines present 
throughout the collagen II structure may be involved in other 
types of interactions such as glycosylation and intermolecu-
lar crosslinking during the formation of the 3-dimensional 
crystalline structure of the molecule; thus, not all amines 
may be available for AGE crosslinking. However, our 
explant studies, which show reduced AGE crosslink forma-
tion, confirm the strong preferential binding of resveratrol 
and curcumin to amines available for glycation.

Validating the blind docking simulation results, we show 
that both resveratrol and curcumin can effectively inhibit 
ribose-induced AGE crosslinks in articular cartilage, restor-
ing its mechanical properties even in presence of the degra-
dative effects of IL-1α (Fig. 5). Both of these drugs also 
rescued IL-1-induced chondrocyte death and suppressed 
nitrite release (Fig. 6). Our results also show the rescuing of 
ribose and IL-1-induced cellular senescence with both res-
veratrol and curcumin. This can be attributed to the ability 
of these drugs to activate peroxisome proliferator-activated 
receptor gamma (PPARγ),37 which regulates glucose 

metabolism. PPARγ, on activation, has shown the ability to 
suppress IL-1-induced nitrite release and MMP-13 expres-
sion in human chondrocytes.38 In another study, diabetic 
mice treated with pioglitazone, a PPARγ agonist, showed 
lower levels of IL-6 and MMP-13 in addition to a reduction 
in glucose and AGE levels.39

AGE accumulation also reduced GAG release from 
the cartilage matrix (Figs. 1f, 2f, and 6d) potentially due 
to collagen crosslinking that reduced matrix permeability 
by preventing escape of GAGs, as well as suppressed 
chondrocyte metabolism that can limit production of new 
proteoglycans.2,11,33,40 Both resveratrol and curcumin were 
able to reverse the ribose suppressed GAG release levels to 
control in presence of IL-1α, which can be attributed to 
their ability to inhibit AGE crosslinks, as the 2 drugs were 
unable to restore cellular metabolic activity. Combination 
therapy of resveratrol or curcumin together or in combina-
tion with an anabolic factor may be explored for restoring 
metabolic activity. For example, curcumin delivered in 
combination with microparticles encapsulating chondro-
genic kartogenin significantly suppressed hypertrophic and 
inflammatory activity in a rabbit cartilage defect model, 
leading to enhanced cartilage repair compared to kartogenin 
microparticle monotherapy.41 Senolytic agents such as 
UBX0101, which can selectively target and kill senescing 
cells, are also of interest for combination therapy.42 
UBX0101 is a senolytic known for inhibiting the intracel-
lular inactivation of p53 by MDM2 (murine double minute 
2), thereby allowing for p53 to continue its role in triggering 
apoptosis of damaged or senescing cells that contribute to 
inflammatory activity.42,43 Recently, UBX0101 was shown 
not only to significantly suppress cartilage erosion and 
MMP-13 and IL-1β expression but also to elevate COL2A1 
and ACAN levels, indicating increased cellular metabolic 
activity and post-traumatic OA attenuation following  
repetitive intra-articular (IA) injections in ACLT mice.42 
Additionally, several studies have reported that resveratrol 
and curcumin can suppress RAGE expression in various 
cell types.44-46 Thus, while not examined here, the inhibition 
of AGE-induced downstream biological activity by resvera-
trol and curcumin may be attributed toward their ability to 
suppress RAGE in addition to other biological pathways 
that contribute to their anti-IL-1 properties such as PPARγ. 
Eugenol, however had no effect on AGE crosslink forma-
tion or enzymatic degradation induced by IL-1.

Resveratrol and curcumin can rescue both enzymatic 
degradation at matrix and cellular levels as well as nonen-
zymatic glycation-induced structural changes. A few prior 
reports have evaluated their effectiveness in rescuing enzy-
matic degradation. For example, oral resveratrol reduced 
apoptosis and cartilage destruction in experimental OA 
rabbits.47 Following 24-hour pretreatment with resveratrol, 
porcine chondrocytes showed suppression of AGE-induced 
iNOS, NO, and NF-κB expression as well as reduced 
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proteoglycan degradation.17 Csaki et al.25 pretreated human 
articular chondrocytes with 50 μM each of resveratrol and 
curcumin before administering IL-1β for 24 h and observed 
significant suppression of NF-κB, MMP-3, and MMP-9 
expression. In cartilage explant models, curcumin reduced 
IL-1-induced MMP-3, GAG, and PGE2 release.26,48 These 
studies further aid to the promise of using resveratrol and 
curcumin as anti-AGE and anti-IL-1 therapeutics; however, 
our study is the first to report the ability of either of these 
drugs to suppress both AGE crosslinking and IL-1-induced 
catabolic activity in a live tissue matrix model. To study 
nonenzymatic glycation, past work has either crosslinked 
the collagen network of dead cartilage explants using high 
sugar concentrations to study changes in tissue mechanical 
properties or separately evaluated the downstream cellular 
response of AGE accumulation using chondrocyte culture. 
As a result, it had not been possible to study the downstream 
biological effects of AGE crosslinks on cell health. This is 
thus the first time that anti-AGE drugs, resveratrol, cur-
cumin, and eugenol, have been evaluated for inhibiting 
AGE crosslink formation in a live cartilage matrix to simul-
taneously restore tissue biomechanical properties and the 
resulting downstream matrix and cellular dysfunction. Our 
results show that resveratrol and curcumin have the poten-
tial to treat aging-induced OA especially in the diabetic 
population who are at a higher risk of early OA onset due to 
rapid AGE accumulation in their tissue matrix. The in vitro 
age-related, nonenzymatic, glycation-induced OA explant 
culture model established in this study provides a tool for 
screening anti-glycating drugs by concurrently evaluating 
changes in tissue mechanical properties and the resulting 
downstream biological effects on cell and matrix health.

While desirable, it is nontrivial to determine the ideal 
time of intervention, dosing, patient sub-type and the dura-
tion of clinical trials evaluating preventive OA therapies. 
As such, resveratrol and curcumin have only been tested 
clinically for treating older patients suffering from 
OA-associated pain and/or stiffness. Marouf et  al.49 
reported that 500 mg/d oral resveratrol alleviated knee pain 
severity in a time-dependent manner and reduced serum 
concentrations of inflammatory markers after 90 days 
treatment in combination with meloxicam.49 A dose of 
1500 mg/d oral curcumin led to similar improvements in 
WOMAC (Western Ontario and McMaster Universities 
Osteoarthritis Index) scores through 4 weeks as ibuprofen, 
however, with significantly fewer gastrointestinal issues.50 
A clinical trial investigating oral 1000 mg/d curcuminoid 
capsules (Curamin) showed improvements in WOMAC 
scores and physical performance tests but only after 3 
months of treatment.51 These trials, however, did not quan-
tify serum or synovial fluid AGE concentrations, thus the 
anticrosslinking effect of these drugs on cartilage tissue in 
human has yet to be confirmed.

Local IA administration of these drugs can elicit a greater 
therapeutic benefit compared with oral administration by 
targeting the avascular cartilage tissue and the residing 
chondrocytes. In a proof-of-concept study, Elmali et  al.52 
reported that daily IA injections of resveratrol into lipopoly-
saccharide (LPS)-treated rabbit knees decreased cartilage 
destruction and preserved matrix proteoglycan content at  
3 weeks’ time, an effect also shown in response to a rabbit 
traumatic knee injury model utilized by Wang et  al.47 
However, repetitive injections are clinically infeasible due 
to concerns surrounding toxicity, injection site infection 
risk and patient discomfort.21 IA-administered small mole-
cule drugs like resveratrol suffer from very short intra-joint 
residence time due to the rapid turnover of synovial fluid 
and an inability to penetrate the dense cartilage matrix 
packed with highly negatively charged aggrecans.53 This 
can be overcome by delivering drugs using optimally 
charged cationic carriers that utilize electrostatic interac-
tions to enhance their targeting, uptake and retention within 
the negatively charged cartilage.53-58 AGE accumulation 
within cartilage reduces GAG release levels (Figs. 1f, 2f, 
and 6d) and is associated with the loss of primary amines on 
collagen II, which can increase the tissue’s net negative 
fixed charge density (FCD). This high negative FCD can be 
further utilized for enhancing intra-cartilage targeting53,57-59 
and residence time of such drugs following their IA admin-
istration by making them positively charged.54,56,60

It is important to note that this study used ribose to 
induce AGE crosslinking, whereas in the body, there are 
several sugars, including ribose, which contribute to the 
formation of several different AGEs.20 Thus, quantification 
of general AGE levels instead of specific AGEs allows for a 
more accurate comparison between in vitro and in vivo 
crosslinking. Furthermore, it should be noted that we used 
tissues from young bovine joints of tightly controlled age to 
develop an AGE-induced OA model of aging, in order to 
minimize animal-to-animal variation. Similar glycating 
effects and biological response should be expected with 
adult cartilage. Finally, since AGEs stimulate the mitogen-
activated protein kinase (MAPK) and NF-κB pathways, 
both of which activate the iNOS gene resulting in enhanced 
nitrite release from chondrocytes,27 nitrite release with 
ribose was expected, but not observed. It is possible that  
an 8-day culture was too short to produce detectable levels 
of nitrite by the Griess assay, and that its inflammatory 
response remained upstream at transcriptional genetic level, 
which was not studied here. However, to address this limi-
tation, IL-1, an inflammatory marker naturally upregulated 
in response to AGEs, was added to the system.

In conclusion, we have developed a live cartilage 
explant culture model of ribose-treated AGE-induced OA 
that better represents aged cartilage in vivo and provides a 
tool for evaluating the effectiveness of drugs in inhibiting 
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AGE crosslink formation. Our results suggest that resvera-
trol and curcumin are promising compounds to treat both 
age-related and diabetes-induced OA, as they are natural 
compounds with strong antioxidant and anti-glycation 
properties. Their local delivery into the joint space can be 
enabled by using cartilage targeting cationic nanocarriers 
that are especially relevant as cartilage tissue with a high 
AGE concentration possesses a greater net negative FCD 
which represents a promising area of future work.29,56,61
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