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Objectives
Our objective in this article is to test the hypothesis that type 2 diabetes mellitus (T2DM) is a 
factor in the onset and progression of osteoarthritis, and to characterise the quality of the 
articular cartilage in an appropriate rat model.

Methods
T2DM rats were obtained from the UC Davis group and compared with control Lewis rats. 
The diabetic rats were sacrificed at ages from six to 12 months, while control rats were 
sacrificed at six months only. Osteoarthritis severity was determined via histology in four 
knee quadrants using the OARSI scoring guide. Immunohistochemical staining was also 
performed as a secondary form of osteoarthritic analysis.

Results
T2DM rats had higher mean osteoarthritis scores than the control rats in each of the four 
areas that were analysed. However, only the results at the medial and lateral femur and 
medial tibia were significant. Cysts were also found in T2DM rats at the junction of the 
articular cartilage and subchondral bone. Immunohistochemical analysis does not show an 
increase in collagen II between control and T2DM rats. Mass comparisons also showed a 
significant relationship between mass and osteoarthritis score.

Conclusions
T2DM was found to cause global degeneration in the UCD rat knee joints, suggesting that 
diabetes itself is a factor in the onset and progression of osteoarthritis. The 
immunohistochemistry stains showed little to no change in collagen II degeneration 
between T2DM and control rats. Overall, it seems that the animal model used is pertinent to 
future studies of T2DM in the development and progression of osteoarthritis.
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Article focus
 It has long been acknowledged that

type 2 diabetes mellitus (T2DM) is a prob-
able factor in the onset and progression
of osteoarthritis. However, there is yet to
be an appropriate small animal model for
T2DM due to the nature of the disease.
Without one, it is difficult to understand
the mechanisms behind its action and
address its effects.

 Our study’s aim was to characterise the
quality of the articular cartilage at the
level of the knee in T2DM rats, thus deter-
mining the model’s effectiveness in the
study of osteoarthritis.

Key messages
 T2DM contributed to osteoarthritis progres-

sion in several areas of the rat knee joint.
 The animal model used seems well suited

for further investigation of the effects and
mechanisms of T2DM, at least in the
development of osteoarthritis.

Strengths and limitations
 Strength: The interpreters were blinded to

the conditions when scoring the histology
 Limitations: We had a limited number of

T2DM rats as they were bred by the UCD
group. Their growth and diet were not
monitored by our group.
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 The grading scale used is subjective.
 The rats used in this study were not age-matched, and

the age among rats within the T2DM group also varied.

Introduction
Type 2 diabetes mellitus (T2DM) is a growing global epi-
demic, currently affecting over 200 million people.1

T2DM is characterised by reduced pancreatic beta-cell
function and systemic insulin resistance, leading to meta-
bolic dysfunction throughout the body. The exact patho-
physiological mechanism behind T2DM remains largely
unknown, however, the disease is associated with obe-
sity, a high-fat diet, and a lack of physical activity.2-5 In the
field of orthopaedic surgery, T2DM has mostly been stud-
ied as a surgical comorbidity.6 However, there are aspects
of T2DM that are of interest in musculoskeletal research,
particularly articular cartilage biology.

Factors such as diet, increased body mass and obesity
have been studied in both clinical and basic scientific
research, as they relate to osteoarthritis onset and pro-
gression.3,7,8,9-15 Additionally, the literature also investi-
gated the role that increased adipose tissue plays in
increased inflammatory response in the joint tissues.7,16,17

For instance, there is a positive correlation between
elevated blood glucose levels and evidence of
OA.10,11,14,18 These conditions seem to provide catabolic
signals that lead to increased proteolytic enzyme activity
that degrades the matrix components, causing progres-
sive cartilage degradation.18 Proteolytic enzymes belong-
ing to the metalloproteinase family, such as collagenases
and aggrecanases, are especially relevant as their expres-
sion is increased by pro-inflammatory and catabolic stim-
uli, and whose activity has been shown to be augmented
in OA cartilage.18 Studies have also attributed the devel-
opment of osteoarthritis to metabolic disorders and to
the stiffening of tissues through an accelerated form of
non-enzymatic cross-linking of collagen often associated
with ageing.19 Briefly, increased circulating glucose reacts
with free amino acids on proteins through the Maillard
reaction, a form of non-enzymatic browning resulting
from a chemical reaction of an amino acid and a reducing
sugar, to create stable intermediates. These glycated pro-
tein intermediates then link together to form larger, insol-
uble aggregates known as advanced glycation end
products (AGEs).20 This phenomenon occurs in collagen-
rich tissues, such as cardiovasculature and bone through-
out the body, and leads to mechanical and biochemical
changes in those tissues.20-23 AGEs naturally accumulate
through the process of ageing and have been studied as a
possible mechanism for spontaneous, or primary, osteo-
arthritis in aged populations.22

One of the major hurdles for in vivo T2DM study has
been the lack of an appropriate small animal model.
Although there are several different transgenic, surgical,
and spontaneous rodent strains that have been used to
model T2DM, the diabetic physiology of these animals

deviates significantly from that seen in humans.19,24 One
example of this difference is the fact that symptoms of
T2DM in rats, such as obesity and insulin resistance, result
largely from monogenic mutations rarely found in
human populations.7

In 2008, Cummings et al24 characterised the Graham-
Havel T2DM strain of rats created by their group at the
University of California, Davis (UCD). Crossing obese,
insulin-resistant Sprague-Dawley rats with Zucker dia-
betic fatty-lean rats, which do not develop obesity or
insulin resistance, was the first step in creating these rats.
The progeny of these animals are then selectively bred to
the F7 generation, at which point they exhibit the T2DM
phenotype.24 This resulted in the UCD-T2DM rats with a
polygenic phenotype similar to that seen in humans.24

Furthermore, this strain does not exhibit infertility that is
characteristic of other experimental diabetic rodent lines,
making them hard to maintain.19,24 In these animals, the
onset of T2DM was confirmed using fasting glucose lev-
els, glucose tolerance, immunohistochemistry of the pan-
creas, and islet insulin content in both sexes.24

An appropriate small animal T2DM model will allow
not only a better understanding of the onset of T2DM,
but also of the mechanisms by which T2DM contributes
to a host of diseases and disorders. The purpose of our
study is to characterise the quality of the articular carti-
lage at the knee in the UCD-T2DM rats. We hypothesise
that this strain of rats will have more severe osteoarthritis
in comparison with control rats.

Materials and Methods
Specimen acquisition. A total of six frozen UCD-T2DM
rats were acquired through Dr J. Lotz’s laboratory at the
University of California, San Francisco, who had procured
them from the Graham-Havel Laboratory at the Unviersity
of California, Davis. The age of these rats varied between
six months to one year, the genders were not tracked, and
all rats were fed the same diet. To compare, frozen healthy
knees were taken from four six-month-old female
Sprague-Dawley rats (Charles River Laboratories, Wilm-
ington, Massachusetts).
Specimen preparation. In this study, 12 knee joints from
UCD-T2DM rats were compared with eight control joints.
Knee joints were dissected mid-femur proximally and
mid-tibia distally. Excess soft tissue was removed and the
knees fixed in 10% formalin (3.7-4% Formaldehyde in de-
ionised water with sodium phosphate, monobasic and
dibasic) at 4°C overnight. The knees were then decalcified
in a 0.45 M ethylenediamine tetra-acetic acid solution
(EDTA) for three and a half weeks, changing solution
daily. This solution consisted of EDTA (Fisher Scientific,
Fair Land, New Jersey) diluted in water with Tris-Base
(Fisher Scientific), titrated with sodium hydroxide (Fisher
Scientific). Following decalcification, samples were dehy-
drated and embedded in paraffin (Richard-Allan Scien-
tific, Kalamazoo, Missouri).
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Sectioning and histology. Samples were placed in the
holder anterior side down, with the proximal end of the
tibia flush with the bottom of the holder. Sections were
taken every 7 μm, but only sections from 150 μm to
550 μm were subsequently affixed to glass slides for stain-
ing as these contained the articular cartilage. These sec-
tions were screened visually for the cartilage with the most
intact morphology and best fixation to the slide. They were
then stained using a combination of Safranin-O (Sigma, St.
Louis, Missouri)/Fast Green (Sigma) dyes in order to visual-
ise the articular surface and surrounding structures. 
Osteoarthritis assessment. Each knee was divided into
four anatomical regions: lateral tibia; lateral femur;
medial tibia and medial femur. Each quadrant was scored
by three individual scorers blinded to the identity of the
cartilage using a modified version of the scale used by

Pritzker et al25 for osteoarthritis cartilage histopathology
assessment (Table I).26 The system is based on histological
features of OA progression and employs analysis of a
block/section assessment by grade and stage of arthritis
with calculation of an overall arthritis score. The mean of
the grades was then worked out for an overall score.
Because the subchondral bone, meniscus and synovium
were not part of the criteria of the OARSI scale, they were
not included in this assessment. 
Immunohistochemistry. To assess differences in colla-
gen fibre type in the articular cartilage, sections were
stained using immunohistochemistry both for type 1 and
type 2 collagen. Following deparaffinisation, sections
were incubated in a solution of 10 μg/mL proteinase K
(Qiagen, Limberg, the Netherlands) at room temperature
for 20 minutes for antigen retrieval. Next, after a series of
wash steps, sections were blocked using Hydrogen Perox-
ide Block (Lab Vision, Fremont, California) for endoge-
nous peroxidase (Lab Vision) and an Ultra V Block (Lab
Vision) for non-specific binding. After the blocking steps,
sections were incubated with a 1:200 dilution of a pri-
mary antibody, specific for collagen 1a2 or 2a2, overnight
in a humidified chamber at 4oC. Commercially available
mouse anticollagen 1a2 (ab90395) (ABCAM, Cambridge,
Massachusetts) and rabbit anticollagen 2a2 (ab53047)
(ABCAM) antibodies were used. Following overnight
incubation, the primary antibody signal was amplified
using an Ultravision Quanto Detection System (Lab
Vision). Finally, antigens were visualised using DAB
Quanto and counter-stained using Mayer’s haematoxylin.
A control stain was performed without primary antibod-
ies in order to confirm that there was no occurrence of
non-specific binding. 
Statistical analysis. Statistical analysis was conducted
using the computer software R.27 Scores derived from
control groups were compared with the study groups at
each cartilage region using a Wilcoxon Test.28 An ANOVA
test27 was used to study the relationship between osteo-
arthritis severity and weight, as well as osteoarthritis
severity and age. A p-value < 0.05 was considered statis-
tically significant. 

Results
Safranin-O staining. These scores are based on the grad-
ing scale in Table I. Control joints had a mean (standard
deviation, SD) osteoarthritis score of 1.59 (SD 0.438) at the
lateral tibia, 1.16 (SD 0.475) at the lateral femur,
1.22 (SD 0.466) at the medial tibia, and 0.50 (SD 0.231) at
the medial femur. The UCD-T2DM had mean osteoarthri-
tis scores of 2.43 (SD 0.229) at the lateral tibia,
2.81 (SD 0.311) at the lateral femur, 2.84 (SD 0.718) at the
medial tibia, and 1.68 (SD 0.213) at the medial femur.
Therefore, the UCD-T2DM rat had a significantly higher,
thus worse, osteoarthritis score at the lateral femur
(p = 0.013), medial tibia (p = 0.003), and medial femur
(p = 0.034). Control and UCD-T2DM joints did not differ

Table I. Cartilage histopathology grade methodology guide modified from
Pritzker et al25

Grade* (key features) Associated criteria (tissue reaction)
Grade 0: surface intact, 
cartilage morphology 
intact

Matrix: normal structure
Cells: intact, appropriate orientation, tide mark 
can be seen

Grade 1: surface intact
Matrix: superficial zone intact, oedema and/or 
superficial fibrillation (abrasion), focal superfi-
cial matrix condensation
Cells: death, hypertrophy, superficial zone reac-
tion has higher level of superficial fibrillation

Grade 2: surface discon-
tinuity

As above
Matrix discontinuity at superficial zone (deep 
fibrillation)
1/3 of upper cartilage staining loss (Safranin-O 
or Toluidine blue)
Increased perichondral (mid-zone) staining
Cells: death, hypertrophy

Grade 3: vertical fissures
As above
Matrix fissures into mid zone, branched fissures
2/3 of cartilage staining loss (into deep zone)
New collagen formation (polarised light micros-
copy
Cells: death, regeneration (clusters), hypertro-
phy, cartilage domains adjacent to fissures

Grade 4: erosion
Cartilage matrix loss: delamination of superficial 
layer
Mid-layer cyst formation
Matrix loss in superficial layer and mid-zone 
regions

Grade 5: denudation
Sclerotic bone or reparative tissue found within 
denuded surface
Microfracture with repair at bone surface only

Grade 6: deformation
Bone remodeling with osteophyte formation
Microfracture with extensive cartilaginous and 
osseous repair
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significantly at the lateral tibia (p = 0.158). Figure 1 shows
the difference in osteoarthritis scores between the control
and the UCD-T2DM rat knees.

The lateral and medial femoral condyles show both
degeneration of the articular surface and areas of staining
loss relative to the surrounding tissue. The articular carti-
lage was also phenotypically different at the medial con-
dyles between the two groups. Control rats showed
normal healthy articular cartilage at this surface, while
the UCD-T2DM rats displayed cysts within the articular
cartilage and at the junction between the articular carti-
lage and subchondral bone. Figures 2 and 3 show Safra-
nin-O stained knees for both normal and UCD-T2DM rats
in the lateral and medial aspects, respectively; arrows
show areas of injury phenotype.
Immunohistochemistry. There does not appear to be an
increase in type II collagen expression between the two
rat groups. Type II collagen stained strongly at the chon-
drocytes throughout the articular cartilage. It was
observed that the number of articular chondrocytes in
the UCD-T2DM knees appears to be less than in normal
knees, particularly in the lateral femoral condyle (Fig. 4).
Type I collagen expression at the articular cartilage in the
UCD-T2DM rats appears to remain limited to the superfi-
cial surface, in a similar way to the control rats. Figure 4
shows representative micrographs at 63x magnification
of sections stained for col1a1 and col2a1. Figure 5 like-
wise shows representative micrographs of the medial
femoral condyle. 
Mass and correlation with osteoarthritis. The masses of
the rats used in this study were recorded before dissec-
tion. Control Lewis rats had a mean mass of 266 gm
(SD 4.72). The UCD-T2DM rats had a mean mass of
592 gm (SD 16.0). A Welch Two-Sample t-test was used to
compare the two rat groups, showing that the mass of

these specimens is significantly different by strain
(p < 0.001).

To explore the relationship between the mass of rats
and their respective osteoarthritis score, a one-way
ANOVA was conducted at each of the different regions of
the knee. There was a statistically significant correlation
between mass and histology score at the lateral femur
(p = 0.011), medial femur (p = 0.003), and medial tibia
(p = 0.031). The lateral tibia was not significantly corre-
lated at p = 0.051, however, it can still be considered a
strong relationship. 

Figure 6 summarises the differences between the rats
with respect to mass, while Figure 7 shows the correlation
between mass and osteoarthritis severity by region.

The mean age of the UCD-T2DM rats used in this study
was 228 days (SD 19.4). This significantly differed from
the six-month-old (180 days) controls used in this study
(p = 0.032). This may be due to the necessary length of
time for the UCD rats to develop osteoarthritis before sac-
rifice. When considering the relationship between age
and severity, there was no correlation between osteoar-
thritis score and T2DM at either femoral condyle or the
lateral tibial plateau. However, at the medial tibial plateau
there was statistically significant correlation with osteo-
arthritis severity (p = 0.046).

Discussion
The aims of this study were to histologically characterise
the knees in rats with a unique type 2 diabetes phenotype
and compare them with the knees in young healthy rats.
Histologically, we were able to demonstrate that there
was mild, global degeneration of the articular surfaces of
the knee. Our immunohistochemistry stains did not show
a change from type II collagen, normally found in the
articular joint, to type I collagen, Overall, the results from
this study suggest that this animal model can be used to
further study the aspects of T2DM that contribute to the
development and progression of osteoarthritis.

Type 2 diabetes is a fast-growing epidemic throughout
the world, both in ‘first-world’ and developing coun-
tries.29 T2DM has been associated with a variety of mus-
culoskeletal disorders, including osteoporosis and
osteoarthritis.2,4-6,30 A 20-year longitudinal and cross-sec-
tional study provided evidence that T2DM should be con-
sidered a risk factor independent of other factors such as
body mass.4 However, the pathophysiological relation-
ship between T2DM and osteoarthritis remains largely
unknown.

The animal model used in this study, the Graham-Havel
UC-Davis type II diabetic rat, has a polygenic phenotype
similar to that of humans.24 Animals used in previous
studies tended to be monogenic and had comorbidities
such as infertility, not associated with human type 2
diabetes.23,24 The UCD type 2 diabetic rats not only had
reduced insulin sensitivity, but also had significantly more
body mass.24 This study clearly demonstrates that in the
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Fig. 1

Graph comparing osteoarthritis scores between the control and the
UCD-T2DM rat knees. The scoring scale used is modified from Pritz-
ker et al25 “*” denotes statistically significant differences of p < 0.05.
The UCD-T2DM rat had a significantly higher, thus worse, osteo-
arthritis score at the lateral femur (p = 0.013), medial tibia
(p = 0.003), and medial femur (p = 0.034) (Wilcoxon Test).
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absence of an external injury, the UCD-T2DM had a lower
quality of cartilage across regions of the knee, compared
with control rats.

Body mass appeared to be an important factor based
on the correlation with osteoarthritis score in this study.
More severe phenotypes at the lateral femur, medial tibia,
and medial femur were significantly correlated with
greater mass (p = 0.011, 031 and 0.003, respectively). The
lateral tibia, although not significantly different
(p = 0.051), appeared to have a strong trend based on the
one-way ANOVA. However, increased mass could poten-
tially be a confounding factor in this study. It was formally
believed that simply increasing the load to the knee, a
weight-bearing joint, by increasing body mass, was
enough to induce osteoarthritis. However, several studies
have called the simplicity of that mechanism into

question.4,9 It was suggested by Felson et al,9 based on a
study of human radiographs, that obesity is correlated
with osteoarthritis in the knee when a joint is misaligned.
Furthermore, Mooney et al14 demonstrated that post-
traumatic osteoarthritis progression was accelerated by a
high-fat diet, but that this phenomenon was independent
of weight gain. Future studies should include a body
mass control to determine whether there are histological
differences between groups having T2DM and having
obesity. Studying joints bearing less weight than the
knee, such as the shoulder, may also be beneficial in
determining whether T2DM has effects independent of
osteoarthritis progression.

Studies have suggested cross-linking of collagen fibres
and the accumulation of aggregated glycation end-
products (AGEs) as a potential mechanism for

Fig. 2

Micrographs showing the lateral aspect; representative sections stained with Safranin-O/Fast Green, taken at 5x magnification. Arrows indicate areas in which
erosion of articular cartilage, loss of staining, and other irregularities have occurred in the UCD-T2DM group. On the lateral aspect of the knee in the UCD-T2DM
group, there is prominent reduction in articular cartilage quality at the femoral condyle and thinning of the cartilage at the tibial plateau.

Fig. 3

Micrographs showing the medial aspect; representative sections stained with Safranin-O/Fast Green, taken at 5x magnification. Arrows indicate areas in which
erosion of articular cartilage, loss of staining, and other irregularities have occurred in the UCD-T2DM group. On the medial side, the UCD-T2DM group showed
cysts within the cartilage and pockets of chondrocyte loss along the tibial articular surface.
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progression of osteoarthritis by ageing.22 In vitro, non-
enzymatic cross-linking of collagen fibres in cartilage tis-
sue was achieved by incubating samples in media

containing threose, ribose or methylglyoxal.22,23,26

Monnier et al20 showed that T2DM accelerated the accu-
mulation of AGEs in skin samples from diabetic subjects.

Fig. 4

Micrographs showing the lateral aspect; series of representative sections stained with IHC for col I and col II, taken at
63x magnification.

Fig. 5

Micrographs showing the medial aspect; series of representative sections stained with IHC for col I and col II, taken at
63x magnification.
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Synthesising these studies together, T2DM may repre-
sent a type of advanced ageing, with more rapid accumu-
lation of AGE than with age alone. Furthermore,
Wagner et al23 demonstrated that human spinal disc tis-
sue treated with methylglyoxal contained significantly
increased amounts of AGEs, changing the biomechanical
properties of the tissue. The implication here is that the
stiffening of the collagen network changes the biome-
chanical properties of the tissues, making them less able
to deform and potentially more susceptible to injury.

However, as pointed out by Willet et al,31 these in
vitro studies have yet to show a direct causative effect
between AGEs and the progression of osteoarthritis. In
vivo studies by this group and Vos et al32 have shown
that despite significantly increasing the amount of pen-
tosidine, one form of AGE, osteoarthritis progression is
not accelerated. Vos et al32 surgically induced canine
osteoarthritis and were not able to show an effect of
AGE on osteoarthritis severity at the time of onset by
intra-articular treatment of ribose and threose. Willet et
al31 also showed that artificially induced cross-linking
with intra-artciular injections of 2M ribose in a sponta-
neous osteoarthritis model in Hartley guinea pigs, did
not change the natural history of the disease compared
with animals injected with saline only. This group
quantified the non-enzymatic glycation of the articular
cartilage, claiming they had achieved significantly
increased cross-linking, comparable with the level typ-
ical in an 80-year-old human.31 Both models show that
the cross-linking did not create a different phenotype
from the injury controls. Thus, despite the evidence
from in vitro models, the more recent in vivo models
would suggest that cross-linking of collagen alone
without the metabolic effects of T2DM may not be suf-
ficient for the induction of osteoarthritis.

There are other indirect effects of cross-linking and
obesity that could contribute to the understanding of
T2DM-associated osteoarthritis. First, obesity, or more

specifically the increase of adipose tissue, leads to an
increase in circulating adipokines. Clinically, these adipo-
kines have been shown to have a correlation with the
degeneration of the articular cartilage.16,17 De Boer et al17

not only showed a relationship between upregulation of
adipokines and osteoarthritis radiologically, but also con-
firmed these results histologically and biochemically. Adi-
tionally, this group presented evidence to suggest that
adipokines such as lectin and adiponectin also act on the
synovial tissues of the joint, increasing the presence of
pro-inflammatory cytokines such as interleukin-1β (IL-1β)
and tumour necrosis factor-α (TNF-α).17

Although we have shown that there is a clear and sig-
nificant histological difference between healthy rats and
the UCD-T2DM rats, our study does possess some limita-
tions that require us to temper our conclusions. Because
the UCD-T2DM rats were frozen and then thawed prior to
fixation, it is possible that morphology was affected.
However, cryotechniques are commonly used in other
histological studies, and have been able to maintain cel-
lular morphology in vitro even at freezing; as a result, the
morphology in the UCD rats should also remain
unchanged.33

Genders were not tracked in the UCD-T2DM group,
which may introduce some bias, although the population
should have been evenly distributed. The rats used in this
study were not age-matched, and the age among rats
within the T2DM group also varied due to the differing
onset of diabetes. However, the variance in ages did not
have a significant impact on osteoarthritis severity except
in the medial tibia, thus it was not considered a significant
confounding variable. 

The marked mass difference between the T2DM rats and
control could also provide a bias in the data. It is also diffi-
cult to extrapolate the aspects of T2DM that contribute to
the osteoarthritic phenotype, and we can only speculate
based on the other studies presented here. Furthermore,
we did not have enough animals in this study to harvest
enough cartilage for biochemistry. However, this is beyond
the scope of this study and should be considered for future
work; the main objective was to confirm that the UCD-
T2DM rats had an osteoarthritic phenotype at their knees.

This work shows a high prevalence of osteoarthritis
in the UCD-T2DM rat knee. These rats differ from the
control animals based upon their weight and presence
of T2DM. We believe that both obesity and the
advanced accumulation of the AGEs may be contribut-
ing to this osteoarthritic phenotype, however, the man-
ner of this still remains unclear. The strength of this
animal model is in the creation of a metabolic syn-
drome environment in these rats. Interventions that
would be effective in clinical practice will also be effec-
tive in setting the multifactorial causation of T2DM. We
suggest that further studies with these rats can focus
on the control of weight and/or T2DM on the progres-
sion of osteoarthritis.
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Fig. 6

Bar chart showing the comparison of mass between control and UCD-
T2DM rats. “*” denotes statistically significant difference in weight
between the UC Davis T2DM rats and the control Lewis rats (p < 0.001)
(Welch Two-Sample t-Test).
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medial tibia (p = 0.031). The lateral tibia is not significant, but can still be considered a strong correlation (p = 0.051) (one-way ANOVA).
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