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This study was done to evaluate whether injections of resveratrol, a natural compound
found in the skin of grapes, had anabolic effects on degenerated intervertebral discs in a
rabbit model. Two non-continuous lumbar discs were punctured in rabbits to induce disc
degeneration. Four weeks and 6 weeks after puncture, the rabbits were treated by
injections with dimethylsulfoxide (DMSO) or resveratrol. At 4, 8, and 16 weeks after initial
injection, rabbits were sacrificed and the spine was extracted for magnetic resonance
image (MRI), mRNA expression, and histological staining. Resveratrol treatment resulted in
stronger signal intensity in T2-weighted images. MRI grade showed significantly lower in
the resveratrol group than the DMSO group (P = 0.039). In the resveratrol group, aggrecan
gene expression was significantly increased than that in the DMSO group at 16 weeks after
injection (P = 0.027). MMP-13 mRNA levels in the resveratrol group were significantly
decreased than those in the DMSO group at 8 and 16 weeks (P = 0.006 and P=0.048,
respectively). In hematoxylin and eosin stain, resveratrol-treated discs showed the features
of regeneration. Histologic grade revealed improvement in resveratrol-treated discs,
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compared with DMSO-treated discs (P = 0.024). These anabolic effects on degenerated

discs indicate that resveratrol is a promising candidate for treatment of degenerative disc

disease.
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INTRODUCTION

Low back pain is a common and well-known incapacitating
disorder. Despite the multifactorial etiology of back pain, inter-
vertebral disc (IVD) degeneration is one of the major factors
that causes this disabling condition (1, 2). Treatments are cur-
rently limited to improving symptoms and do not aim to im-
pede early pathophysiological processes involved in degenera-
tion. Current treatments include medications, steroid injection,
physical therapy, and surgery. Surgical treatment can be in the
form of fusion or other procedures that are destructive to the
IVD. The long-term effects of newer treatment methods, such as
intradiscal electrothermal therapy and artificial discs, still have
to be evaluated. IVDs could also potentially be repaired or re-
generated using peptide or growth factor injections, gene deliv-
ery, cell therapy, or various tissue engineering techniques (3-8).

Resveratrol (trans-3,4",5-trihydroxystilbene) is a polypheno-
lic phytoalexin present in the skins of grapes and red wines; it
has been shown to be a potent and specific inhibitor of nuclear
factor kappa B (NF-«xB) activation (9-11). NF-«B is a key tran-
scription factor involved in the activation of the interleukin-
1beta (IL-1beta) and tumor necrosis factor-alpha (TNF-alpha)
pathways, which play a pivotal role in degenerated and herniat-
ed IVDs (12-14). Resveratrol has been reported to antagonize
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catabolic factor-mediated up-regulation of matrix-degrading
enzymes and to promote proteoglycan synthesis and accumu-
lation in bovine disc cells (15), as well as to reduce levels of pro-
inflammatory cytokines and catabolic enzymes in human IVD
cells (16).

The purpose of the present study was to determine whether
resveratrol had anabolic and/or anti-catabolic effects on disc
degeneration following intradiscal injection in an experimental
rabbit model.

MATERIALS AND METHODS

Establishment of a rabbit degenerated disc model and
injection of resveratrol injection

All experiments in the present study were performed with ap-
proval from the institutional animal care and use committee
(IACUC) of the Samsung Biomedical Research Institute, Seoul,
Korea (IACUC approval No. 72). Twenty-four New Zealand
white rabbits (4-5 months old and weighing approximately
3-3.5 kg each) were subjected to annular puncture of lumbar
discs. The disc degeneration model was established using an
18-gauge angiography needle by percutaneous annular punc-
ture technique (Fig. 1), modified from previous open surgical
techniques (17, 18).
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Fig. 1. Percutaneous needle puncture into the rabbit discs under a fluoroscope. Gen-
erally, a rabbit has seven lumbar vertebrae. After localization of the exact levels of L2-
L3 and L4-L5 (arrows) using the fluoroscope, 18 G angiography needles (radio opaque
materials in the figure) are inserted into the discs under a real time monitoring.

Each rabbit was anesthetized by intramuscular injection of
xylazine (5 mg/kg) and ketamine (35 mg/kg), and hair was shav-
ed from the mid back and right flank. After anesthesia, the rab-
bits were placed in a lateral oblique prone position. An alcohol
sponge was used to sterilize the surgical field. Initially, the L5-
L6 disc was identified by manual palpation of the interspinous
space from the mid back and iliac crest using fluoroscopy (VPX-
200; Toshiba, Irvine, CA, USA). After confirmation of the exact
level, an 18G angiography needle was inserted, 3-4 cm ventral
from the midline, into the disc space under fluoroscopic con-
trol. Correct needle positioning in the center of the disc space
was checked from both anteroposterior and lateral views. In
each rabbit, L2-L3 and 14-L5 IVDs were punctured. The 1L3-14
level was left non-punctured and used as an internal normal
control. Special care was taken to minimize touching the peri-
osteal tissues of the vertebrae because this could cause hyper-
trophy of the soft tissues and bony structures around the discs.
None of the rabbits showed neurological symptoms after sur-
gery, and recovery was uneventful.

Four weeks after the initial puncture, degeneration of the
punctured discs was identified by measuring decreases in disc
height with lateral X-rays. Rabbits were divided into two groups
according to the treatment they received (control vs treatment
groups). The stable and pharmacologically active trans-isomer
form of resveratrol (Sigma, Saint Louis, MO, USA) was purchas-
ed, and prepared according to the manufacturer’s protocol. Re-
sveratrol was dissolved in dimethylsulfoxide (DMSO) and used
ata concentration of 100 puM.

The left flank was injected using the same anesthesia proto-
col. Rabbits in the treatment group received injections of 15 pL
of 100 pM resveratrol in DMSO into the center of the nucleus
pulposus using a 26-gauge needle. At the same time, the con-
trol group was injected with 15 pL. of DMSO. Injections were re-
peated two weeks later in each group. Then, four rabbits in each
group were euthanized by intramuscular injection of ketamine
(25.0 mg/kg) followed by intravenous injection with sodium
pentobarbital (1.2 g/kg) at 4, 8, and 16 weeks after the initial in-
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jection. The entire spinal column from each animal was extract-
ed for magnetic resonance image (MRI) analysis. Discs from
the spine column were subjected to biochemical and histologi-
cal analyses.

Radiologic analyses

MRI scans were performed on ex vivo spinal columns harvest-
ed from rabbits at three time points: 4 weeks, 8 weeks, and 16
weeks after the initial injection. MRI was performed using a 1.5-
T machine (Intera Release 11; Philips Medical System, Best, The
Netherlands) with a quadrature extremity coil (knee coil). T2-
weighted sections in the sagittal plane were obtained using the
following settings: fast spin echo sequence with time to repeti-
tion (TR) of 3,000 msec and time to echo (TE) of 100 msec; 256 x
189 matrix; 140 x 140 field of view and 6 number of signal aver-
aging. The section thickness was 2 mm with a 0-mm gap. The
MRIs were sent to a picture archiving and communication sys-
tem server and analyzed using the PiViewSTAR program (IN-
FINITT Healthcare, Seoul, Korea). The images were quantified
using a modified Thompson grade based on changes in the de-
gree and area of signal intensity from grade 1 to 4 (1, normal; 2,
minimal decrease in signal intensity but obvious narrowing of
high signal area; 3, moderate decrease in signal intensity; and 4,
severe decrease in signal intensity). Two blinded observers che-
cked the grading for each image, and the average grade was used
as the final grade for each disc. MRI data from all three time po-
ints were pooled and analyzed according to treatment group.

Biochemical analyses

To analyze changes in gene expression in the disc tissue, RNA
from three discs (L2-L3, L3-L4, and L4-L5) from each spinal
column was extracted after MRI data acquisition. The L3-14
disc was used as a non-injected normal control. For each disc,
the nucleus pulposus (NP) was carefully removed from the an-
nulus fibrosus (AF) and stored separately. Tissues were imme-
diately placed in liquid nitrogen and then frozen at -80°C before
use in real time reverse transcriptase-polymerase chain reac-
tion (RT-PCR) analysis.

The author selected an extracellular matrix (ECM) gene, ag-
grecan, and a catabolic enzyme gene, matrix metalloprotease-13
(MMP-13), as marker genes. RNA was extracted from homoge-
nized NP samples using Trizol (Invitrogen, Carlsbad, CA, USA)
and cDNA was generated using the Moloney murine leukemia
virus (MMLV) reverse transcriptase (RT) (Invitrogen). Gene ex-
pression was analyzed by real time RT-PCR using an ABI PRISM
7900 instrument (Applied Biosystems, Foster City, CA, USA) and
evaluated in Microsoft Excel.

For each sample, gene expression levels were calibrated us-
ing a constitutively expressed housekeeping gene, glyceralde-
hyde phosphate dehydrogenase (GAPDH). To quantitate gene
expression, the comparative Ct method was used. The differ-
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ence between the mean Ct value of the gene of interest and the
housekeeping gene was denoted (ACt), and the difference be-
tween ACt of the treated sample and ACt of the normal sample
was labeled AACt. Log. (AACt) gave the relative difference in
gene expression between the treated disc and the normal con-
trol disc in each animal. Rabbit-specific gene primers were de-
signed according to the published sequences available in Gen-
Bank. The sequences were as follows: aggrecan (5" GCTACG-
GAGACAAGGATGAGTTC 3" and 5" CGTAAAAGACCTCACC-
CTCCAT 3"), MMP-13 (5" TGCCCCTCCTCAACAGTAAC 3" and
5" GAGCCCGCTGCATTCTTCTIT 3”), GAPDH (5" AAGGCCAT-
CACCATCTTCCA 3" and 5 GGATGCGTTGCTGACAATCT 3").

Histologic analyses

The injected discs (L2-L3 and L4-L5) and the normal control
disc (L3-L4) of rabbits were cut together with the adjacent ver-
tebral body using an electrical saw. Tissues were fixed in 10%
neutral buffered formalin for 48 hr, decalcified in decalcifica-
tion solution (National Diagnostics, Atlanta, GA, USA) for 3 days,
and processed for paraffin sectioning. Blocks of discs were em-
bedded in paraffin and cut into mid-sagittal sections (4 pm in
thickness) using a microtome. Sections were stained with he-
matoxylin and eosin (H&E) to determine the shape and num-
ber of cellular constituents as well as the amount of ECM, and
then analyzed quantitatively under a light microscope (Nikon
Eclipse E800; Nikon, Melville, NY, USA) at magnifications rang-
ing from 40 x to 100 x .

To quantify histological grade, The author used a grading scale
previously established in rabbits (17). A blinded observer eval-
uated the midsagittal sections of each disc using this grading
scale. The scale was designed to assess the shape of the AFE, the

DMSO Resveratrol

border between the AF and the NP, the cellularity of the NP, and
the matrix of the NP. Grades range from 4 to 12. A normal grade
was assigned 1 point for each of four categories through the mid-
sagittal sections, for a total of 4 points. Because 3 points was the
maximal value for each parameter, a total of 12 points was the
highest score for degeneration. The overall discs gathered from
the three time points were analyzed. The treated discs were ini-
tially compared with the internal normal control disc within the
same animal to evaluate changes due to age, and graded nu-
merically in both control and treament groups.

Statistical analyses

Statistically significant differences in MRI grade and total histo-
logical grading score between the DMSO group and resveratrol
group were assessed using the non-parametric Mann-Whitney
U test. Quantitative real time RT-PCR results were analyzed with
t test. Data were analyzed using PASW Statistics 18.0 (IBM, Ar-
monk, NY, USA). Data are presented as mean + standard devia-
tion. P values less than 0.05 were considered statistically signifi-
cant.

RESULTS

MRIs obtained from spinal columns 4 weeks after the initial in-
jection had stronger T2-weighted signal intensities in the resve-
ratrol group than in the DMSO group. Similar results were also
observed at 8 weeks and 16 weeks. Representative MR images
of the two punctured discs revealed restoration of the signal in-
tensities and areas of the discs in resveratrol-treated rabbits com-
pared to DMSO-treated rabbits (Fig. 2A, B). Modified Thomp-
son MRI grade scores, which indicate the degree of disc degen-
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Fig. 2. Ex vivo analyses of magnetic resonance image (MRI) between the dimethylsulfoxide (DMSO) group and the resveratrol group. Representative T2-weighted sagittal image
of lumbar spine demonstrated that resveratrol-treated discs (B) showed higher signal intensity than DMSO-treated discs (A) (arrows; treated discs of L2-L.3 and L4-L5). Analysis
of MRI data pooled from three time points. MRI grades show significantly lower in the resveratrol group than the DMSO group (*P = 0.039). (C) Data are presented as mean+SD.
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Fig. 3. Gene expression analyses of aggrecan and matrix metalloprotease-13 (MMP-13) between the DMSO group and the resveratrol group. (A) Aggrecan mRNA level in res-
veratrol-treated discs is significantly increased than that in DMSO-treated discs at 16 weeks post treatment (*P = 0.027). (B) MMP-13 mRNA levels significantly is decreased
in resveratrol-treated discs than those in DMSO-treated discs at 8 and 16 weeks ("7 = 0.006 and *P = 0.048, respectively). Data are presented as mean+SD.

eration, were significantly lower in the resveratrol-treated rab-
bits than the DMSO-treated rabbits (P = 0.039) (Fig. 2C).

The gene expression results of the control and test groups
were analyzed for each time period (4 weeks, 8 weeks, and 16
weeks after initial injection) (Fig. 3). All results are reported as
relative percentages compared with the initial, non-punctured
levels of mRNA for each respective gene. The overall gene ex-
pression of a representative ECM component, aggrecan, in the
DMSO group was well below normal levels for the entire study
period. Aggrecan mRNA in DMSO-treated discs was 65.4% of
that of non-injected normal discs at 16 weeks. Gene expression
increased to 123.0% in the resveratrol-treated disc group. In the
resveratrol group, aggrecan gene expression was significantly
higher than that in the DMSO group at 16 weeks after injection
(P =0.027). MMP-13 m RNA levels in DMSO-treated discs gra-
dually increased over time. In the resveratrol group, MMP-13
mRNA levels were maintained lower level than those in DMSO
group. Significant differences were observed at 8 and 16 weeks
(P =0.006 and P = 0.048, respectively).

Resveratrol injection also affected the histologic appearance
of discs. H&E staining of non-punctured normal discs revealed
clear demarcations between the NP and the AF, and abundant
ECM (Fig. 4A, a). NP cells consisted mainly of large, vacuolated
notochordal cells and chondrocyte-like cells. Disc tissues of
resveratrol-treated discs exhibited regenerative characteristics
similar to those of the normal disc. High-power field observa-
tion revealed grape-like clusters of large, round chondrocytic
cells in the NP of the resveratrol-treated discs (Fig. 4c). In con-
trast, DMSO-treated discs lost integrity of the NP margin and
showed degenerated cell features such as fibroblast-like cells
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and severe fibrosis of extracellular components (Fig. 4B, b). Com-
parison of the overall grades between treatment groups reveal-
ed that the degeneration grades of the punctured discs in the
resveratrol group were significantly lower than those in the DM-
SO group (P = 0.024) (Fig. 4D).

DISCUSSION

The pathogenesis of IVD degeneration is not yet fully under-
stood. A number of cytokines have been implicated in the pa-
thogenesis of IVD degeneration. IL-1beta and TNF-alpha are
the predominant proinflammatory cytokines related to disc de-
generation (12-14). It follows that regulation of these proinflam-
matory cytokine signaling pathways may slow or prevent disc
degeneration. NF-«B is an important transcription factor in-
volved in activation of the IL-1beta and TNF-alpha signaling
pathways (10, 19, 20). Activation of NF-kB has been shown to
play a key role in inflammation and hyperplasia in theumatoid
arthritis (21, 22). NF-«B also mediates the expression of proin-
flammatory cytokines in osteoarthritis (20, 23).

Resveratrol has anti-inflammatory, anti-oxidant, anti-tumor-
al, and immuno-modulatory effects (9-11, 24). Its potential use
for the treatment of osteoarthritis has been investigated in in vi-
tro studies (19, 20). Resveratrol reduced both IL-1beta-induced
NF-«B activation and NF-«B dependent gene expression, there-
by attenuating apoptosis, inflammation, and matrix degrada-
tion in chondrocytes. An animal study demonstrated that res-
veratrol had an anabolic effect on cartilage tissue. These authors
reported a significant reduction in cartilage destruction and
loss of matrix proteoglycans in the resveratrol-treated group
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Fig. 4. Histologic analyses of intervertebral disc tissues treated with DMSO and resvera-
trol. 40 x (A, B, and C) and 100 x (a, b, and c) power images of hematoxylin and eosin
staining. Normal disc has a clear demarcation between the nucleus pulposus (NP) and the
annulus fibrosus, and abundant extracellular matrix (ECM) (A and a). The degenerated,

Histological grades
(=2}
T

4 DMSO-treated disc loses the characteristics. They show indistinct NP margin and severe
fibrosis in ECM (B). High power image reveals many fibroblast-like cells, suggesting de-
2 L generation (b). In contrast, the resveratrol-treated disc shows the features of restoration.

At higher magnification, large, round, grape-like clusters of chondrocytic cells in the NP of
the resveratrol-treated disc (c). Significant lower histological grades are noted in the res-
0 veratrol group when compared with the DMSO group (*P = 0.024) (D). Data are presented

DMSO Resveratrol Q

compared to the control group (25).

The anti-inflammatory and anti-catabolic effects of resvera-
trol on disc degeneration have been well documented. Resve-
ratrol can reduce transcript and protein expression of major
proinflammatory cytokines (IL-6 and IL-8) and matrix catabol-
ic enzymes (MMP-1, MMP-3, and MMP-13); these cytokines
and catabolic enzymes have previously been shown to induce
pain and disc degeneration (16). An in vitro study using a three-
dimensional alginate culture system that mimicked in vivo con-
ditions demonstrated that resveratrol increased proteoglycan
synthesis in a dose-dependent manner and rescued IL-1beta-
induced proteoglycan loss in bovine IVD cells (15). Resveratrol
has also been reported to have anti-inflammatory and pain be-
havior effects in vivo in a rabbit model of radiculopathy (16).
Pain provocation by the application of NP onto the dorsal root
ganglion was effectively controlled after local injection of resve-

http://dx.doi.org/10.3346/jkms.2013.28.6.939

as mean + SD.

ratrol.

The author performed this in vivo study to determine the ef-
fect of resveratrol treatment in a degenerated disc rabbit model.
The model using annular puncture provides reproducible mild
degeneration, and is useful for quantitative and semiquantita-
tive analyses of various parameters (17, 18). By radiological, bio-
chemical, and histological methods, it can be used to verify treat-
ment efficacy. The author modified this technique to make it
minimally invasive using percutaneous puncture under fluoro-
scopic guidance. This modification enabled repeated injection
of resveratrol without open surgery, which can stress animals.

The author demonstrated that intradiscal injection of resve-
ratrol had anabolic and anti-catabolic effects on IVD degenera-
tion as assessed by MR, real time RT-PCR, and histological anal-
yses. MRI allowed intuitive visual quantification using four nu-
meric grades. MRI with a T2-weighted protocol demonstrated
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that two time injections of resveratrol increased the signal in-
tensity and area of the degenerated disc compared to control
discs. These results suggest that the proteoglycan content in the
disc was increased by resveratrol treatment because the elec-
tronegative charges on the glycosaminoglycans of proteoglycan
are known to increase osmotic and hydrostatic pressure, result-
ing in swelling of the disc (26). Previous in vitro findings (15) of
the anabolic effect of resveratrol on proteoglycan are consistent
with these MRI findings.

The expressions of two representative genes were analyzed
according to time interval after injection. mRNA levels of aggre-
can, a characteristic product of chondrocyte-like NP cells, have
been shown to decrease at 3 weeks and thereafter without spon-
taneous recovery in degenerated discs in a rabbit model (27).
The author obtained similar results in this study when exam-
ined degenerated, DMSO-treated discs. Aggrecan mRNA levels
in the degenerated discs were lower than in normal control discs
throughout the experimental period. In contrast, resveratrol-
treated discs showed increased expression of aggrecan mRNA
compared to that in DMSO-treated discs. MMP-13, also known
as collagenase-3, is a major catabolic enzyme that is expressed
at high levels in degenerative arthritic diseases. In another de-
generated disc rabbit model (28, 29), MMP-13 mRNA levels
were increased at various time points after induction of degen-
eration. The author found that MMP-13 transcript levels were
increased in the DMSO group, and that this increase was signif-
icantly suppressed in the resveratrol group. These results sug-
gest that resveratrol injection increased the ECM component
and decreased the catabolic enzyme in IVDs, thereby promot-
ing renewal of degenerated discs.

The histological findings showed confirmatory characteris-
tics of disc renewal in this study. In previous studies of disc de-
generation using a rabbit model, annular puncture resulted in
the replacement of large notochordal cells with small chondro-
cytic or fibroblast-like cells, which are indicators of disc degen-
eration (17, 18). In the present study, the author observed fibro-
blast-like cells in the degenerated, DMSO-treated discs. In con-
trast, improvement of the integrity of the NP and AF was ob-
served in resveratrol-treated discs, as well as increased extracel-
lular components and cellularity in the central nucleus. NP cells
had typical chondrocytic features, suggesting reversal or block-
age of the degenerative process. These histologic features of re-
juvenated degenerated disc cells have been also described pre-
viously (3, 6, 7).

In this study, degenerated discs were treated with two repeat-
ed injections of a single dose of resveratrol or vehicle (DMSO).
Pharmacodynamic in vivo studies with various doses are re-
quired to confirm the maximum effective dose; furthermore,
the long-term efficacy of resveratrol needs to be verified in stud-
ies with an extended follow-up period after the injection.

The present study demonstrated that resveratrol had anabol-
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ic effects on degenerated disc by performing radiological, bio-
chemical, and histologic studies. Resveratrol increased aggre-
can and decreased in MMP-13 in the transcriptional level. Sub-
sequently it enhances the synthesis of matrix proteoglycan and
diminishes the degradation of matrix collagen in disc tissues,
and could show the anabolic effect on degenerated discs. These
results indicate that resveratrol has significant potential as a dis-
ease-modifying drug for treatment of degenerative disc disease.
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