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Abstract Background: Vitamin D appears to play an im-
portant role in bone and cartilage metabolism since its re-
ceptors are widely found in human articular chondrocytes.
Thus, effects of variation of vitamin D may directly impact
cartilage and bone biology. Questions/Purposes: The aims
of this study are to compare (1) articular cartilage structure
and composition and (2) trabecular and cortical bone micro-
structure in rats with normal versus insufficient vitamin D
levels. Methods: Twenty-five mature, male Sprague-Dawley
rats were allocated to two groups: (1) control arm (vitamin D
replete—12 rats) and (2) an experimental arm (vitamin D
deficient—13 rats). Vitamin D deficiency was induced using
a vitamin D-deficient diet and UV light restriction. Rats
were sacrificed after 4 weeks vitamin D deficiency was

confirmed. The right knee was harvested for analysis of both
the medial (MFC) and lateral femoral condyles (LFC). A
region of interest was established on both condyles to cor-
relate subchondral bone architecture and the overlying car-
tilage. Histological analysis was performed and graded using
the modified Mankin score. Subchondral and cortical bony
architecture was evaluated with micro-CT. Results: After 4
weeks, the vitamin D-deficient group had statistically sig-
nificant changes in cartilage structure in both the MFC and
LFC [1.55±0.6 vs. 4.23± 4.1 (p=0.035) and 1.55± 0.6 vs.
3.53± 2.4 (p=0.009), respectively]. Micro-CT analysis re-
vealed no correlation between subchondral bone values and
the overlying cartilage Mankin score (p=0.460). No signif-
icant difference was evident between the subchondral bone
of the control and study group. Conclusions: Low levels of
vitamin D have a deleterious effect on the cartilage. Given
the high prevalence of vitamin D deficiency in the general
population, these findings raise important questions about
the potential role of vitamin D in articular cartilage health.
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Introduction

Osteoarthritis (OA) is a major cause of reduced health-
related quality of life [11, 14]. Over the next 25 years, the
number of people affected and the social impact of diag-
nosed arthritis are projected to increase by 40% in the USA
[22]. The etiology of osteoarthritis is multifactorial, showing
strong associations with highly modifiable risk factors of
mechanical overload, obesity, and joint injury. Currently,
there is no cure for OA, and the development of innovative
and cost-effective approaches to prevent the development
and progression of OA is urgent and important.

Vitamin D appears to play a direct role in bone and cartilage
metabolism [5]. Vitamin D receptors (VDRs) are found in
human articular chondrocytes. Vitamin D or 1α-25(OH)2 D3
regulates the expression of metalloproteinase (MMP) and pros-
taglandin E2 (PGE2) in chondrocytes via VDRs [1]. MMPs are
matrix-degrading enzymes that play a major role in OA. MMP-
13 is thought to be the primary collagenase involved in OA
pathology, with increased expression in OA [28]. Vitamin D
also acts directly on the bone and could affect the ability of
bone to respond optimally to pathophysiological processes in
OA, and thus possibly prevent disease progression [10].

Considering these mechanisms, it is possible that vitamin
D could play a role in the prevention and progression of OA
[2, 13]. In this study, we hypothesized that low levels of
vitamin D would affect the subchondral bone and induce
subsequent degeneration of the articular cartilage.

The aims of this study were to (1) assess articular carti-
lage structure and composition using histological analysis of
rats with normal versus insufficient vitamin D levels and (2)
to compare trabecular and cortical bone microstructure using
micro-CT scan in rats with normal versus insufficient vita-
min D levels.

Materials and Methods

After approval from our Institutional Animal Care and Use
Committee, 25 mature, male Sprague-Dawley rats (weight,
250–300 g) were allocated to two groups: (1) control arm
(vitamin D replete—12 rats) and (2) an experimental arm
(vitamin D deficient—13 rats). Vitamin D deficiency was
induced in the experimental group using a specialized vita-
min D-deficient diet (LabDiet; PMI Nutrition International,
St. Louis, Missouri) and ultraviolet (UV) light restriction.
Animals in the control arm (vitamin D replete) were provid-
ed with a regular diet and UV light exposure. The ultraviolet
light restriction was achieved by using GAM UV filters
(GAMPRODUCTS, INC., Los Angeles, California) that
slide over the fluorescent lights. Animals in the control
group underwent similar housing conditions with a regular
diet and UV light exposure for the same time frame.

Orbital venipuncture was performed at time zero before
starting the special diet and UV light restriction and 6 weeks
later to confirm the induction of low levels of vitamin D.

From a previous pilot study in Sprague-Dawley rats that
were subjected to the same specialized vitamin D-deficient
diet and UV light restriction, we demonstrated that it takes
approximately 6 weeks for the rats to develop low levels of
vitamin D (unpublished data).

After 6 weeks of special diet and light restriction, vita-
min D deficiency was induced. After vitamin D deficiency
was confirmed, animals were kept 4 more weeks before
euthanasia was performed. After excluding surface fibrilla-
tion of the articular cartilage or other pathological changes,
the right knee was harvested for analysis of both the medial
femoral condyle (MFC) and lateral femoral condyle (LFC).

A region of interest corresponding to the weight-bearing
zone was established on both condyles to correlate
subchondral bone architecture and the overlying cartilage.
The region of interest (ROI) was marked by drilling a 22-
gauge needle through the cartilage and deep into bone in
both MFC and LFC. A marking pen was also used to mark
the LFC of the specimens (Fig. 1).

Histological Assessment

Specimens were decalcified in 10% EDTA, embedded in
paraffin and sectioned at 4 μm, to correspond to the 3D
micro-CT reconstructions. The tissue sections were stained
with Safranin O. The sections were assessed by two blinded
observers for degenerative changes using the modified
Mankin grading system [20, 21, 29] (Table 1). The area
analyzed in both the MFC and LFC was determined by the
Bmarking hole.^ The ROI was defined as the cartilage between
the hole and lateral cortex for the LFC and the area between
the hole and medial femoral cortex for the MFC (Fig. 2). The
same ROI was determined with micro-CT for subchondral
bone analysis. Correlations between the Mankin scores and
subchondral bone measures were determined.

Micro-CT Assessment

The distal ends of the rat femurs were used for trabecular
and cortical bone microcomputed tomography (micro-CT)
analysis using a Scanco μCT 35 (Scanco Medical,
Brüttisellen, Switzerland) system prior to EDTA decalcifi-
cation. The scan parameters were 15 μm voxel size, 55 kVp,
0.36° rotation step (180° angular range), and a 400-ms

Fig. 1. a Macroscopic picture illustrating the central hole (red ar-
rows), drilled with a 22-mm needle, on both MCF (medial femoral
condyle) and LFC (lateral femoral condyle). b Histological section
showing the lateral femoral condyle next to the hole to determine the
ROI (region of interest) of the cartilage to be analyzed. c Micro-CT
showing the holes on both MFC and LFC corresponding to the histol-
ogy and macroscopic pictures.
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exposure per view, which were performed in DPBS 1X. The
Scanco μCT software (HP, DECwindows Motif 1.6) was
used for 3D reconstruction and viewing of images. After
3D reconstruction, half cylinder VOIs (volume of interest)
with a diameter of 2.1 mm and height of 0.75 mm (with
exclusion of the marking hole area) were created for trabec-
ular analysis, while VOIs (volume of interest) around the
holes were created for cortical analysis. VOIs were segment-
ed using a global threshold of 4 g/c. ROI were identified
considering the central hole that was drilled in the MFC and
LFC. The trabecular bone corresponding to the subchondral
bone next to the central hole was included for quantitative
analysis (Fig. 3).

Bone volume fraction (BV/TV), tissue mineral density
(TMD), and thickness (Ct.Th) for the cortical bone were
assessed. We also measured BV/TV, thickness (Tb.Th),
number (Tb.N) and separation (Tb.Sp), TMD, and surface
to volume ratio (BS/BV) for the trabecular bone.

Statistical Analysis

Independent samples t test was used to evaluate differences
between the vitamin D-deficient group and the normal con-
trols for the bone microstructural data and the Mankin
scores. Correlations between the cartilage histological scores
and the micro-CT quantitative data in both MFC and LFC
were investigated using a Kendall’s Tau rank correlation
analysis. Spearman’s rank was also used to correlate indi-
vidually each micro-CT parameter with the corresponding
histological Mankin score.

Results

Orbital blood draws confirmed the induction of vitamin D
deficiency in the 13 animals at 6 weeks after initial exposure
to the specialized diet and UV light restriction. The mean

Table 1 Modified Mankin score used for histological analysis

I. Structure Grade
Normal 0
Superficial layer disrupted 1
Superficial layer absent 2
Irregular surface 3
Fissures into the middle zone 4
Slight disorganization 5
Fissure into the deep zone 6
Chaotic disorganization 7

II. Cellular abnormalities
Normal 0
Hypocellularity 1
Large clones 2

III. Matrix staining
Normal 0
Staining reduced in middle layer 1
Staining reduced in territorial matrix
of middle and deep layer

2

Staining present in interterritorial matrix
and reduced in the territorial matrix

3

Staining reduced in both territorial and
interterritorial matrices

4

Maximum score 13

Fig. 2. Macroscopic view of the ROI (region of interest—cartilage
between the hole and the medial and lateral cortex, respectively). Note
the lateral femoral condyle marked with a marking pen. Both squares
show the ROI corresponding to LFC (lateral femoral condyle) and
MFC (medial femoral condyle).

Fig. 3. Micro-CT showing the ROI (square) corresponding to LFC
and MFC.

Table 2 Histological analysis of articular cartilage

Group N Mankin score STD p value

LFC Control 12 1.55 0.6 0.009
Vit D Def 13 3.53 2.42

MFC Control 12 1.55 0.6 0.035
Vit D Def 13 4.23 4.1

p value corresponds to comparison of control and study group in LFC
and MFC, respectively
Vit D Def vitamin D deficiency group, LFC lateral femoral condyle,
MFC medial femoral condyle
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25(OH) D3 level at time zero before starting the specialized
diet and UV light restriction in the 13 animals included in the
experimental group was 10.9±1.46 ng/mL compared with a
mean level of 6.5 ±1.14 ng/mL (p<0.001) 6 weeks later.
Vitamin D3 was also measured in the 12 control animals at 6
weeks showing similar levels to those at time zero, confirming
that low levels of vitamin D was established in the study group.

Histological Analysis

After 4 weeks of vitamin D deficiency, there were statis-
tically significant changes in cartilage structure (Mankin
scores) in both the MFC and LFC between control and
study groups (Table 2). The most significant change vis-
ible on the histologic sections was decreased proteoglycan
content as evidenced by the loss of the red matrix staining
with the Safranin O. No difference was evident between
the MFC and LFC (Fig. 4).

Micro-CT Analysis

No statistically significant difference was found in trabec-
ular thickness in the vitamin D-deficient group compared

to control group (0.17 vs. 0.15 mm for MFC and 0.11 vs.
0.10 mm for LFC, p=0.45). Trabecular spacing was sim-
ilar between groups (Table 3).

Correlation Between Cartilage and Bone Changes for Each
Group

Among groups, there was no correlation between the mean
articular cartilage histologic scores and the mean micro-CT
bone measurements (Tables 4 and 5).

Overall Correlation Between Cartilage and Bone Changes

Overall, a negative statistical correlation for each individual
sample between Mankin score and cortical bone was evident
in both lateral and medial femoral condyle (Table 6 and Fig. 5).

Discussion

The present study provides the first report of the effects of
low levels of vitamin D on articular cartilage in an animal
model. The most important finding in this study was that

Fig. 4. a Low magnification (×4) of control group. b Low magnification (×4) of vitamin D deficiency group. c Higher magnification (×10) of
control group. Note the red Safranin O stain indicating proteoglycans in the cartilage matrix. d In this higher magnification (×10) of vitamin D
deficiency group, the loss of proteoglycans is evident by the loss of red Safranin O staining.

Table 3 Results of micro-CT in control and study (Vit D Depletion) group

MFC LFC

Trabecular spacing (mm) Control 0.15 (±0.02) 0.148 (±0.016)
Vit D Depletion 0.17 (±0.01) 0.15 (±0.01)

Bone volume Control 0.46 (±0.06) 0.52 (±0.065)
Total volume (%) Vit D Depletion 0.55 (±0.03) 0.60 (±0.05)
Trabecular thickness (mm) Control 0.15 (±0.02) 0.10 (±0.01)

Vit D Depletion 0.17 (±0.01) 0.11 (±0.01)

No statistical difference was evident among control and Vit D Depletion group
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low levels of vitamin D seem to have a deleterious effect on
the cartilage.

The limitations of this study are use of a relatively small
sample and the unknown correlation of these findings with
human cartilage. However, to our knowledge, this study is
the first to examine the effects of low vitamin D levels on
articular cartilage histology and thus can provide a baseline
for further study.

Histological differences were seen between groups after
4 weeks of a vitamin D-deficient diet and UV light restric-
tion. At this time point, degeneration of the cartilage in the
study group was observed. There was significant loss of
proteoglycan staining in the vitamin D-deficient group on
both the MFC and LFC. Significant microstructural changes
in the subchondral bone could not be confirmed with micro-
CT. Previous clinical studies have correlated severe vitamin
D deficiency with decreased cartilage thickness [16]. In
contrast to our study, this study was performed in human
subjects and the cartilage was evaluated using US
(ultrasound) to assess cartilage thickness. Also, there was
no information about the duration of vitamin D deficiency in
these patients.

Different surgically induced rat models of OA showed
that early changes of OA can be detected as early as 3–
6 weeks post-surgery and progress to total loss of cartilage
after 12 months. Loss of proteoglycans has been suggested
as one of the main early events in OA [9, 15, 24, 25]. In our
study, the animals were treated with a specialized vitamin D-
deficient diet and UV light restriction for 6 weeks. At that
time point, serum tests confirmed low levels of vitamin D.
Different rat models suggest that after 6 weeks of a specific
vitamin D-deficient diet, animals develop vitamin D defi-
ciency [26]. Our rats were kept for an additional 4 weeks
after the deficiency was developed, and with this period of
vitamin D deficiency, early loss of proteoglycan staining of
the cartilage matrix was evident, simulating what normally
happens in the early stages of OA. No other major histologic
change was evident. This finding could be explained by the
effect that vitamin D has on cartilage. Previous studies have
shown an upregulation of VDR (vitamin D receptors) in
chondrocytes within osteoarthritic cartilage [27]. Furthermore,

MMPs (metalloproteinases) appear to play an important role
in cartilage degeneration. Specifically, MMP 1, 3, and 13 have
all been demonstrated in both intra- and extracellular locations
in osteoarthritic cartilage. Correlation between VDR and
MMPs expression has already been suggested [27]. Future
studies evaluatingMMP and VDR, in this same animal model,
will be necessary to better understand the role of vitamin D on
articular cartilage.

Different studies have shown subchondral bone changes
in osteoarthritis [12, 19]. In our study, we did not observe
significant differences in the subchondral bone between the
groups. Interestingly, we noted a potential trend in that
subchondral cancellous bone in the vitamin D-deficient
group was thicker and denser as compared to the control
group, with a slightly higher bone volume fraction and
higher trabecular thickness. Again, these measurements
were not significantly different but a trend was encountered.
Further study is needed in order to better define the role of
vitamin D in the trabecular thickness of the bone. A longer
period of vitamin D deficiency may have resulted in this
difference reaching statistical significance. Although vita-
min D deficiency might be expected to result in decreased
bone volume, we believe that an increase reflects the remod-
eling changes due to altered load transmission secondary to
proteoglycan loss from the articular surface. This would be
consistent with the sclerosis that is typically seen radio-
graphically in OA. Previous rat OA model studies have
already shown subchondral changes [18]. Similar to our
study, in the early stage of OA, there was no statistically
significant difference observed in trabecular thickness in any
of the three knee compartments between the OA induced
knee and control. However, at 4 weeks, there was a signif-
icant increase in trabecular thickness in the induced OA
group.

Clinical studies of the effect of vitamin D on OA have
been inconclusive. McAlindon et al. evaluated the relation
of dietary intake and serum levels of vitamin D to progres-
sion of osteoarthritis of the knee among participants in the
Framingham study [17]. In this study, they included 556
people who had been followed for more than 40 years.
Patients were evaluated at years 18 and 22 of follow-up with
a weight-bearing radiograph of the knee and classified using
the Kellgren and Lawrence scale. Serum levels of vitamin D
were collected through blood samples during this same
examination. The study suggested that individuals with
low vitamin D intake and low serum levels of vitamin D
are approximately three times more likely to have progres-
sion of established osteoarthritis of the knee than those
patients with high intake and high serum levels. In contrast,
Felson et al. [7, 8] found no correlation between the vitamin
D status and the risk of joint space or cartilage loss in knee
OA. In this study, the investigators evaluated the results of
two longitudinal studies. Patients were evaluated with a knee
radiograph, an MRI, and levels of vitamin D. No association
was found between vitamin D levels and progression of OA.
Cao et al. [6] recently performed a systematic review on the
association between serum levels of vitamin D and osteoar-
thritis. There was moderate evidence suggesting that low
levels of vitamin D were associated with progression of knee

Table 4 Mankin score and micro-CT values among study and control
group for medial and lateral femoral condyles

MFC LFC

Mankin score
Control (n = 12) 1.55 (±0.6) 1.55 (±0.6)
Vit D Depletion (n = 13) 4.23 (±4.1)* 3.53 (±2.42)*
Trabecular spacing (mm)
Control (n = 12) 0.15 (±0.02) 0.148 (±0.016)
Vit D Depletion (n = 13) 0.17 (±0.01) 0.15 (±0.01)
Bone volume/total volume (%)
Control (n = 12) 0.46 (±0.06) 0.52 (±0.065)
Vit D Depletion (n = 13) 0.55 (±0.03) 0.60 (±0.05)
Trabecular thickness (mm)
Control (n = 12) 0.15 (±0.02) 0.10 (±0.01)
Vit D Depletion (n = 13) 0.17 (±0.01) 0.11 (±0.01)

MFC medial femoral condyle, LFC lateral femoral condyle
*p < 0.05
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OA [5]. A recent randomized controlled pilot study suggests
that there is a statistically significant benefit to vitamin D
treatment in patients with osteoarthritis [23]. Considering
the high prevalence of vitamin D deficiency in elderly pa-
tients, the findings of this study could have importance for
the prevention of OA. Randomized clinical trials will be
necessary in the future to establish if supplementation of
vitamin D could play a role in the prevention of OA. Further
study is required to determine if vitamin D supplementation
could impact OA prevalence, and to determine which patient
population should be targeted and for how long. Also, side
effects of long-term vitamin D intake should be considered
[4]. Excessive vitamin D intake for a prolonged period of
time may lead to vitamin D toxicity. Adverse events reported
include hypercalcemia, nephrolithiasis, hypercalciuria, renal
insufficiency, gastrointestinal disorders, cardiovascular dis-
orders, psychiatric disorders, and skin disorders [3].

In summary, in this study, we demonstrate that a rela-
tively brief period of vitamin D deficiency leads to adverse
changes in hyaline cartilage in normal, healthy rats. Given
the high prevalence of vitamin D deficiency in the general
population, these findings raise important questions about
the potential role of vitamin D in articular cartilage health.
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