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Introduction
There is increasing interest in feline degenerative joint 
disease (DJD).1 Retrospective studies suggest, and more 
recent prospective studies indicate, that radiographic 
evidence of DJD is common, with up to 90% of cats being 
affected.2–5 Other studies suggest that this DJD can be 
associated with pain, making it an important feline dis-
ease.6–9 As has been discussed recently, little is known 
about the etiology of feline DJD.1

Although several authors have suggested that a large 
proportion of DJD in the cat is primary, there is currently 
no evidence of this.2,3 Two primary forms of osteoarthri-
tis (OA) are fairly well recognized in cats: Scottish Fold 
osteochondrodysplasia and mucopolysaccharidosis.10–20 
Currently, the documented secondary causes of DJD in 
cats are nutritional, hip dysplasia, the non-infectious pol-
yarthropathies and infectious arthropathies.21–31 Obesity 
has also been suggested as a driving or confounding fac-
tor. Despite this information, the etiology of the vast 
majority of feline DJD seen in practices is unknown.

Research suggests a wide variety of contributors to 
DJD in humans that range from genetic to environmen-
tal.32,33 The first and most commonly cited contributor is 
a genetic risk factor.34 This is particularly true for the 
autoimmune types of arthritis because the body’s 
immune system seems to undergo a shift in gene expres-

sion that elicits an inappropriate intolerance for self- 
antigens.35,36 Gene expression studies in the human lit-
erature illustrate great heterogeneity in gene expression 
patterns between tested individuals, which complicates 
the search for possible therapeutic targets.34,37–43 Genes 
that do appear routinely to be differentially expressed 
between human rheumatoid arthritis (RA) patients and 
age-matched controls include immune system and 
inflammation-associated genes, such as major histocom-
patibility complex (MHC) genes I, II and III, and tumor 
necrosis factor (TNF)-α, signaling pathways, such as the 
interferon (IFN)/signal transducer and activation of 
transcription factor (STAT), and extracellular proteins, 
like the matrix metalloproteinases (MMP).34,37–40,44 Genes 
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and proteins that have been found to be differentially 
expressed in human OA patients include structural pro-
teins collagen I and collagen II alpha I (COL2A1), tran-
scription factors SOX9 and 11, MMP13, the cytokine 
interleukin-1 beta (IL1B) and the proteoglycan aggre-
can.45,46 The majority of arthritis gene expression studies 
reported in the literature have been carried out in 
humans with cartilage, bone or synovial tissue. These 
assorted samples may be a cause of variability in the 
findings of what is actually occurring in the disease state.

The aim of this study was to investigate feline-specific 
gene expression differences between DJD cats and age-
matched controls in order to obtain a clearer picture of 
the underlying mechanisms of the feline disease.

Materials and methods
Experimental design
All aspects of this work were conducted in accordance 
with the Hill’s Pet Nutrition Global Animal Welfare 
Policy and were approved by Hill’s Institutional Animal 
Care and Use Committee. All owners provided written 
informed consent prior to enrollment of their pet in the 
study. Owing to the provisions of the Global Animal 
Welfare Policy of Hill’s Pet Nutrition, only whole blood 
samples were collected from enrolled cats over the course 
of a period of 3 weeks. Cats diagnosed with clinical DJD 
(from clinics throughout the USA and Canada) were 
compared with whole blood samples taken from age-
matched non-DJD cats from the Hill’s Pet Nutrition 
internal colony. The colony cats, although originating 
from different suppliers, may be more uniform at the 
genotype level. This could have been a source of bias in 
the data; however, the risk was mitigated to a certain 
extent, at least at the technical level, through the use of 
routine quality control measures, such as GeneChip 
quantile normalization and overall probe intensity nor-
malization. Furthermore, all cats underwent the same 
examination process regardless of whether they were 
DJD or control cats. The eligibility of each DJD candidate 
was assessed by complete physical examination (includ-
ing orthopedic evaluation), medical, drug and dietary 
histories, laboratory evaluation (complete blood count, 
serum biochemistry panel, total T4, feline immunodefi-
ciency virus and feline leukemia virus) and radiography. 
Blood samples were collected by percutaneous vene-
puncture following an overnight fast. Each tube was 
labeled with the study number, animal identification and 
date, and submitted to Antech Laboratories using the 
sample kit mailed to investigators by Antech Laboratories.

Adult cats with clinical signs and radiographic changes 
consistent with DJD of the stifles, hips, shoulders, elbows, 
tarsus or carpus were potential candidates for this study. 
Exclusion criteria were: (i) cats that had suffered recent trau-
matic injuries; (ii) cats with severe concurrent systemic dis-
ease, for example kidney failure, diabetes, hyperthyroidism 

or obesity; (iii) cats with technically inadequate radio-
graphic studies; (iv) cats with erosive polyarthropathy 
(diagnosed radiographically) considered to be due to 
immune-mediated or infectious causes; (v) cats that had 
suffered previous fractures, luxations or osteomyelitis 
involving any part of the skeleton; (vi) cats with non-joint 
soft tissue mineralization, for example, muscle and tendon; 
(vii) Manx cats or any other cat with a spinal anomaly; (viii) 
cats with significant neurologic deficits (significant spinal 
cord disease other than lumbosacral degeneration); and (ix) 
cats with severe osteopenia (eg, due to renal disease or 
senile changes). Supplements or foods with increased levels 
of n-3 fatty acids were not permitted. Cats eating any of the 
following wet foods within the previous 3 months were 
excluded from the study: Friskies Variety Pack Ocean 
Whitefish, Iams Ocean Fish, Iams Turkey, Iams Chicken, 
Hill’s Science Diet Kitten, Hill’s Prescription Diet k/d, Hill’s 
Prescription Diet a/d, and Purina Veterinary Diets DM. 
Cats eating any of the following dry foods within the previ-
ous 3 months were excluded: Hill’s Science Diet Kitten, 
Iams Kitten Food, Natural Balance Ultra Premium, Iams Cat 
Original Formula, Hill’s Science Diet Advanced Protection, 
ProPlan Chicken & Rice, Iams Less Active/Weight Control, 
Purina Veterinary Diets DM, Purina Veterinary Diets OM, 
and Iams Restricted Calorie. Concomitant analgesic or anti-
inflammatory medications, for example, corticosteroids or 
non-steroidal anti-inflammatory drugs (NSAIDs) were per-
mitted if started at least 4 weeks prior to the screening visit 
and continued at the same dose for the entire feeding period.

Gene expression analysis — RNA isolation
Whole blood was collected and processed according to the 
PAXgene Blood RNA Isolation Kit (Qiagen) manufactur-
er’s instructions. All extracted RNA samples obtained from 
the whole blood were quantified by absorbance readings at 
260 and 280 nm with a NanoDrop 1000 spectrophotometer 
(Thermo Fisher Scientific). The RNA quality was deter-
mined with a 2100 Bioanalyzer (Agilent Technologies), 
according to the manufacturer’s instructions. RNA integ-
rity was determined by 28S:18S ribosomal RNA ratio and 
RNA integrity number (RIN; Agilent 2100 RIN Beta Version 
Software). Purified RNA samples were stored at –80°C.

Probe preparation from RNA
Labeling and amplification reagents were obtained from 
NuGEN Technologies and biotinylated cDNA targets 
were prepared according to the manufacturer’s instruc-
tions. Double-stranded cDNA was synthesized from 30 
ng total RNA, followed by a linear isothermal amplifica-
tion (SPIA Amplification) step to produce single-
stranded cDNA. Fragmentation was followed by a direct 
labeling process that attached biotin to the amplified 
probe. Probe purifications were performed using DNA 
Clean and Concentrator– 25 (Zymo Research) and the 
DyeEx 2.0 Spin Kit (Qiagen).
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Gene array hybridization and processing
After pre-hybridization for 20 mins at 45°C, 1.3 µg of each 
target cDNA was mixed with Affymetrix hybridization 
controls (Affymetrix) in hybridization buffer and hybrid-
ized with the Hills-Feline-2 GeneChip for 16 h at 45°C. 
After the hybridization cocktails were removed, the chips 
were washed in a fluidics station with low-stringency 
buffer (6X standard saline phosphate with ethylenediami-
netetraacetic acid and 0.01% Tween20) and high stringency 
buffer (100 mM N-morpholino-ethanesulfonic acid, 0.1 M 
NaCl and 0.01% Tween20) and stained with streptavidin 
phycoerythrin (SAPE). This process was followed by incu-
bation with normal goat IgG and biotinylated mouse anti-
streptavidin antibody (Vector Laboratories) followed by 
re-staining with SAPE. The chips were scanned in a 
GeneChip Scanner 3000 7G (Affymetrix) to detect hybridi-
zation signals. Image inspection was performed manually 
immediately after each scan.

Data analysis
The Genomic Suite for Gene Expression Data software 
(Partek) was used for data analysis. The robust multichip 
average algorithm was used for background adjustment, 
normalization and probe-level summarization of the 
GeneChip samples.47 Analysis of variance was performed 
to find significantly differentially expressed genes 
between any two groups with a minimal false discovery 
rate control at 0.1 and a fold change of 1.3 in each direc-
tion. Empirical studies have revealed that the Hills-
Feline-2 GeneChip has an associated background noise 
level of 1.3-fold. Therefore, all analyses presented here 
employ a ± 1.3-fold cut-off. Additionally, the false discov-
ery rate threshold of 0.1 (meaning that 10% of observa-
tions are due to chance alone) was chosen as the minimum 
level of acceptable statistical significance. Principal com-
ponent analysis (PCA) was performed on the data from 
the GeneChip. Genes that were identified as differentially 
expressed were then put into the MetaCore Pathway 
Analysis and Data Mining package (Thompson Reuters 
Bioinformatics Software) in order to ascertain pertinent 
biological pathways that varied between the experimen-
tal groups.

Proteomic analysis
The proteomic study was performed with serum as 
opposed to the whole blood used in the genomic study. 
The pooling of samples allows for the enhancement of 
differentiating signals without the exaggeration of noise 
within the experiment and is commonly employed in 
proteomic studies to improve signal:noise ratios and 
reduce the time for analysis.

Sample preparation
One milliliter of serum from each sample pool was 
treated with the ProteoMiner Protein Enrichment and 

Sequential Elution Kit, according to the manufacturer’s 
instructions (BioRad Laboratories). This was performed 
to normalize proteins within the samples. Protein con-
centration was then determined using the 2-D Quant Kit 
(GE Healthcare).

Two-dimensional electrophoresis
For two-dimensional (2D) electrophoresis, samples were 
labeled with Cydye 3 or Cydye 5 (GE Healthcare). An 
internal global standard was generated by pooling 
equivalent amounts of all samples into the standard 
pool. This standard pool was labeled with Cydye 2 (GE 
Healthcare). Equal amounts of protein from the control 
group, arthritic group and global standard were loaded 
on the same immobilized pH gradient (IPG) strip (24 cm, 
pH 4–7; GE Healthcare) and rehydrated at 30V for 12 h. 
Isoelectric focusing conditions were as follows: step 1 at 
500 V for 1 h, step 2 at 1000 V for 1 h and step 3 at 8000 V 
for 80,000 VHr. Focused IPG strips were equilibrated 
and then loaded onto 9–14% gradient sodium dodecyl 
sulfate polyacrylamide gels for second dimension sepa-
ration. Gels were then scanned with a Typhoon 9400 flu-
orescent imager (GE Healthcare) for quantification. 
Differentially-expressed protein spots were cut using 
ProtPic (Genomic Solutions), enzymatically digested 
and analyzed using an Orbitrap Discovery mass spec-
trometer (Thermo Fisher Scientific).

Data analysis
The 2D experimental data were analyzed using Non-
Linear’s Progenesis SameSpots software (Nonlinear 
Dynamics). Differentially-expressed proteins (P <0.05 
and fold change ≥1.3) were cut, and tryptic digests were 
performed in gel and identified using the liquid chroma-
tography tandem mass spectrometry method. Protein 
identification was ascertained by using PEAKS Studio 
software (Bioinformatics Solution) combined with X! 
Tandem (Global Proteome Machine Organization 
Proteomics Database and Open Source Software, see 
www.thegpm.org) and SEQUEST (Thermo Fisher 
Scientific) search engines. A confidence score of 0.99 was 
set for positive identification. The MetaCore Pathway 
Analysis and Data Mining package (Thompson Reuters 
Bioinformatics Software) was again used, this time for 
differentially regulated proteins, in order to ascertain 
pertinent biological pathways that varied between the 
experimental groups.

Results
Twenty-nine cats diagnosed with clinical DJD were 
recruited from over 300 cats screened and data were col-
lected from 35 age-matched non-DJD cats from the Hill’s 
Pet Nutrition internal colony (Table 1).

Genomic analysis was performed on samples from all 
64 cats; however, only 18 viable serum samples were 
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received from the DJD cats. Therefore, for the proteomic 
analysis, only these samples and 18 age-matched con-
trols were used. To streamline the processing of all 18 
samples per group for proteomic analysis, the samples 
were used to prepare nine pools of two samples each 
within each experimental group (the samples were ran-
domly selected for pooling).

PCA was performed on the data from the GeneChip 
expression results for 29 DJD and 35 non-DJD cats to get 
a global picture of differences between the two experi-
mental groups. The PCA was performed on 2842 genes 
that passed the quality and statistical criteria out of 
more than 20,000 genes total on the custom feline 
GeneChip. The results of the Partek Genomics Suite 
software are shown in Figure 1. In PCA analysis, 
researchers strive to get a high level view of patterns 

within complex data to more easily ascertain differences 
between experimental samples. In other words, PCA 
attempts to summarize large sets of data. For genomics 
work it allows one to examine general themes in gene 
expression between groups. Therefore, in this applica-
tion of PCA, data of animals with more similar gene 
expression patterns will appear more compactly clus-
tered on a graph, whilst those with less similar gene 
expression patterns will be located further apart on the 
graph. In Figure 1, non-DJD cats (in blue) were closely 
grouped together, indicating similar occurrences of 
gene expression between those animals. DJD cats (in 
red) were also clustered together, yet much more loosely. 
Subjectively, there appeared to be more variation in 
gene expression amongst the DJD animals than in non-
DJD animals, which supports findings already reported 

Table 1  Demographics of the study cats

Age in years (median; maximum, 
minimum)

Weight in kg (median; maximum, 
minimum)

Sex

DJD cats 10; 14, 5 5.5; 8.4, 3.7 F: 18; M: 11
Control cats 8.9; 14, 4 4.6; 6.8, 3.0 F: 24; M: 11

DJD = degenerative joint disease

Figure 1  Principal component analysis (PCA) of 2842 genes found to be associated with degenerative joint disease (DJD) cats 
as compared with control populations. DJD cat data (n = 29) are shown in red, whilst non-DJD cats (n = 35) are represented by 
blue; each spot represents one animal
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in the literature.34,37–40,48 This could also reflect some 
variability due to the aforementioned potential differ-
ences in genetic uniformity between the two groups that 
could not be eliminated technically.

Out of the 2842 total genes entered into the MetaCore 
Pathway Analysis software, there were 400 genes that 
the software could not assign to a specific pathway 
mainly due to database discrepancies. These genes 
were not examined further in this study. The output 
from the software for the other 2442 genes from the 
feline GeneChip demonstrates the likelihood that the 
up- or down-regulated genes from the GeneChip are 
involved in a particular pathway (Table 2). The most 
likely affected pathways in DJD cats, according to the 
GeneChip analysis and MetaCore software, include 
antigen presentation by MHC class I and II molecules, 
as well as T-cell receptor signaling components of the 
immune system and oxidative phosphorylation [energy 
production by the cell in the form of adenosine triphos-
phate (ATP)].

To closely investigate expression levels of key genes 
involved in antigen presentation by the immune system, 
the genes were grouped into three subcategories (Figure 
2a–c). The subcategories within antigen presentation by 
the immune system were MHC class I and II molecules 
(a), proteasome molecules (b) and cathepsins (c). In gen-
eral, all the genes involved in immune response that 
were analyzed in this study displayed a decrease in 
expression in the DJD animals when compared with 
non-DJD cats. The specific molecules outlined here in the 
figure all work together to ensure that the body’s 
immune system properly identifies foreign antigens. 
Proteasome and cathepsin molecules are thought to be 
primarily responsible for first digesting and then pre-
senting foreign peptides to the immune system via MHC 
class I and II molecules.49–54 Figure 2 (a–c) illustrates the 
gene expression fold differences between the two 

experimental groups for these specific antigen presenta-
tion genes.

Figure 3 displays the fold change of some T-cell recep-
tor genes found within DJD cats compared with controls. 
All the T-cell receptor and associated genes examined 
here were down-regulated in DJD animals compared 
with non-DJD animals. T-cell specific receptors, for 
example CD3, 4 and 8, to name a few, were all notably 
decreased in expression within DJD cats.

Apoptosis-associated genes were also found to be 
differentially expressed between the two groups. 
Figure 4 shows the fold change expression levels of key 
genes involved in apoptosis; anti-apoptotic genes were 
up-regulated in DJD animals.55

Table 2  Top pathways represented by the differentially 
expressed genes in arthritic versus control populations. 
MetaCore by Thompson Reuters identified the likelihood 
that 2442 of the 2842 differentially expressed genes 
identified in the expression profile are involved in these 
pathways. The other 400 genes could not be assigned to 
a pathway by the software. The smaller the P-value, the 
greater the likelihood that the genes are involved in that 
pathway and the less likely the genes were differentially 
expressed by chance alone

Pathway name GeneGo p-value

Antigen presentation by MHC  
class I and II

1.2e-08

T-cell receptor signaling 2.5e-08
Oxidative phosphorylation 2.2e-08

MHC = major histocompatibility complex

Figure 2  Fold change expression levels of key genes 
involved in antigen presentation. (a) Major histocompatibility 
complex (MHC) molecules; (b) proteasome and (c) 
cathepsin in degenerative joint disease (DJD) versus control 
populations. These graphs list fold changes in specific MHC 
class I and II (a), proteasome (b) and cathepsin (c) genes 
between DJD and non-DJD populations. All negative fold 
changes reflect down-regulation of the gene in DJD animals 
compared with non-DJD animals, and are represented in 
blue. All positive fold changes reflect up-regulation of the 
gene in DJD animals compared with non-DJD animals, and 
are represented in red
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Expression levels of genes that participate in oxida-
tive phosphorylation were also distinct between DJD 
and non-DJD cats. The differentially expressed genes 
play important roles within the oxidative phosphoryla-
tion pathway that exists inside the mitochondria of cells 
(Figure 5). Of the five main protein complexes that com-
prise the oxidative phosphorylation pathway, all five 
were significantly down-regulated within DJD cats. 
Figure 5 shows down-regulation of genes within  
complexes I, II, III, IV and ATP synthase (also known as 
complex V).

For the protein expression levels, Figure 6 exhibits the 
PCA plot for the 87 differentially expressed proteins 
between the two experimental groups. Once more, dis-
crete differences in protein expression between the two 
groups were evident by the data point clustering on the 
graph. This analysis confirms that the experimental 
groups could be distinguished by differentially expressed 
serum proteins, as well as genes from whole blood.

Figure 7 outlines differences in protein expression for 
the classical complement component of the immune sys-
tem and clusterin, the latter representing a regulator of 
the complement system.56,57 Major proteins within the 
classical complement component of the immune system, 
such as C1s, C1r and C3, were notably up-regulated in 
DJD animals, whilst clusterin protein showed a decrease 
in expression compared with controls.

To control for age-specific differences between the 
DJD and non-DJD cats used in this study, gene expres-
sion differences were examined on the basis of age 
alone (Table 3). This was performed to test whether 
gene differences between the experimental groups 
could be attributed to the disease state and not to the 
difference in age between the two groups. Table 3 dis-
plays the results of two separate evaluations. The sub-
jects were separated into >12 years of age versus 8–11 
years of age and then separated into >11 years of age 
versus 7–10 years of age with the number of differen-
tially expressed genes listed. When age alone was a 
factor, gene differences between the experimental 
groups were either non-existent or significantly smaller 
than when the subjects were grouped based on disease 
state alone. These findings indicate that the results 
reported here between the DJD and non-DJD popula-
tions were not greatly affected by age differences 
between the subjects.

Discussion
The proprietary Hills-Feline-2 GeneChip with more 
than 20,000 feline genes is a novel tool to evaluate the 
differences between cats with and without DJD. These 
investigations allow further insight into the disease, 
which is important given the prevalence of the dis-
ease.1,5 Such data may also uncover possible treatment 
opportunities.

The gene expression studies reported here were per-
formed on whole blood. Previous gene expression stud-
ies of mammalian arthritis in the literature have 
reported variations in gene expression between human 

Figure 4  Fold change expression levels of key genes involved 
in apoptosis. All negative fold changes reflect down-regulation 
of the gene in degenerative joint disease (DJD) animals 
compared with non-DJD and are represented in blue. All 
positive fold changes reflect up-regulation of the gene in DJD 
animals compared with non-DJD, and are represented in red

Figure 5  Fold change expression levels of key genes 
involved in oxidative phosphorylation. All negative fold 
changes reflect down-regulation of the gene in degenerative 
joint disease (DJD) animals compared with non-DJD and are 
represented in blueFigure 3  Fold change expression levels of key genes 

involved in T-cell receptor signaling. All negative fold changes 
reflect down-regulation of the gene in degenerative joint 
disease (DJD) animals compared with non-DJD animals and 
are represented in blue
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RA and OA patients, and non-arthritic subjects.34,37–43,45,46 
However, these studies have been performed on joint 
tissue. The use of whole blood, as opposed to certain 
blood components, bone, cartilage or synovial samples, 
is a unique approach. Using whole blood and blood 
derivatives, such as serum and plasma, might afford a 
more global view of what is happening in the disease 
state because blood touches all tissue types in the body 
and many disease-associated proteins are shed and can 

be found in the plasma or serum. Furthermore, estab-
lishing a blood-associated molecular signature for DJD 
in cats can potentially provide practitioners with easier 
means to diagnose the disease and follow its progres-
sion and the effects of treatment.

Data reported here support the literature’s findings 
that gene expression differences within arthritic popu-
lations tend to be more variable overall than gene 
expression patterns in non-DJD individuals.34,37–40,48 
This result serves to further emphasize the complexity 
of the illness and the difficulties in finding effective 
treatment options.

Figure 6  Principal component analysis (PCA) of the differentially expressed proteins found in differentially joint disease (DJD) 
cats compared with control populations. DJD cat data (n = 9) are shown in red, whilst non-DJD cats (n = 9) are represented by 
blue, and each spot represents one pooled sample

Figure 7  Fold change expression levels of key proteins 
involved in the complement component of immune system 
response and clusterin. All negative fold changes reflect 
down-regulation of the gene in degenerative joint disease 
(DJD) animals compared with non-DJD, and are represented 
in blue. All positive fold changes reflect up-regulation of 
the gene in DJD animals compared with non-DJD, and are 
represented in red

Table 3  Comparison of differentially-expressed genes 
based on age as opposed to disease state. To control 
for age-specific differences between the experimental 
groups, differentially-expressed genes were examined 
on the basis of age alone to compare between the 
mean ages of the two populations. The number and 
magnitude of differentially-expressed genes between 
groups when separated by age alone were significantly 
less than when the animals were grouped by disease 
state alone

Age group 
comparison (years)

Number of 
samples

Number of differentially-
expressed genes

>12 vs 8–11 27/25   159
>11 vs 7–10 32/29 1014
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Based on our gene expression data, two of the most 
likely differentially expressed pathways involve immune 
system response: antigen presentation by MHC mole-
cules and T-cell receptor signaling, both of which are nec-
essary for normal immune response to foreign antigens. 
The remaining pathway that is most likely affected con-
tains genes with a role in oxidative phosphorylation. 
These immune system-related genes were uniformly 
down-regulated in DJD cats compared with non-DJD 
cats. The literature supplies considerable evidence that 
immune system function generally declines and becomes 
less regulated with age in all mammals.58–60 Additionally, 
the risks for developing arthritis typically increase with 
age,44,61 although the data presented here suggest that 
arthritis is more than just normal ageing. Taken as a 
whole, this suggests that feline DJD arises, at least in part, 
owing to a dysfunctional immune system, which can 
become pathologically unregulated as the animal ages.

The act of antigen presentation by the immune system 
involves the proteasome complex, cathepsins, and MHC 
class I and II molecules. Proteasome and cathepsin mol-
ecules work in concert to break down foreign antigens 
that the body encounters; the digested fragments are then 
presented to the immune system via MHC class I and II 
molecules.49–52 Part of the adaptive immune response, 
MHC class I molecules are located on the surface of all 
nucleated cells,53,54 whilst MHC class II molecules reside 
mainly on antigen presentation cells of the immune sys-
tem.62,63 Collectively, MHC class I and II molecules are 
necessary to present antigens to T-cells, which then elicit 
the body’s immune response by releasing cytokines to 
recruit macrophages and/or promote antibody release by 
B cells.53,54,62,63 It is noteworthy that all the antigen pro-
cessing and presentation players examined here were 
down-regulated in cats with clinical DJD. Taken together, 
the data suggest a reduced ability to process and present 
antigens in DJD cats, thereby decreasing the immune sys-
tem’s ability to identify foreign, and potentially harmful, 
cells and proteins within those animals.

In addition to a reduced ability to identify foreign 
antigens, the next step in the immune cascade, which is 
mediated by T-cells, was also diminished within DJD 
animals. Specifically, CDs 3, 4 and 8 were down- 
regulated in DJD animals compared with controls. The 
CDs 3, 4 and 8, transmembrane glycoproteins that bind 
to MHC molecules and act as co-receptors, are essential 
for mediating T-cell based immunity.53,54,63,64 CD3 is a 
part of the T-cell receptor complex which initiates a 
T-cell-mediated response against antigens, CD4 binds 
with MHC class II molecules, and CD8 is a glycoprotein 
that specifically binds to MHC class I molecules to rec-
ognize targets and mount an attack.62–64 Because all of 
these key T-cell players were found to be down-regu-
lated in DJD cats, it is probable that cats with DJD have 
dampened T-cell activity and an overall impaired 

immune response. Whether these altered processes 
result in, or occur concurrently with, DJD remains to be 
uncovered.

Genes representing apoptotic cascades also differed 
between DJD and non-DJD cats. Specifically, pro-apop-
totic genes BAD, BID and TRADD were down-regu-
lated and anti-apoptotic genes, such as XIAP and 
BIRC6, were up-regulated in DJD animals. This finding 
has implications for many pathways throughout the 
body. For the immune system in particular, this could 
mean an abnormal build-up of non-functional cells that 
the body is unable to clear. Equilibrium between pro-
apoptotic and anti-apoptotic mechanisms is vital to the 
proper maintenance and function of the immune sys-
tem.65–67 Functionality of immune system cells is largely 
determined by the specificity of interactions between 
antigen presentation components, namely MHC and 
T-cell-associated molecules.66 As DJD cats demon-
strated a decrease in both MHC and T-cell associated 
genes, this suggests that dysfunctional immune cells 
exist in the DJD population. A deficiency in apoptotic 
cascades to remove these dysfunctional cells might 
compound the existing problem within these diseased 
animals. Evidence in the literature suggests that dise-
quilibrium between apoptotic forces can lead to many 
ailments, such as immunodeficiency; autoimmunity, 
including systemic lupus erythematosus; and various 
degenerative disorders.68–71 Additionally, these find-
ings appear to explain why corticosteroids are some-
times effective during the treatment of certain 
arthritidies. The literature suggests that glucocorti-
coids, such as dexamethasone, have a pro-apoptotic 
effect with lymphocytes;66 therefore, the use of corticos-
teroidal compounds in DJD may help not only to reduce 
inflammation, but also to eliminate non-functional 
immune system cells from the body.

Another major area of differential gene expression 
between DJD and control animals was in the area of oxi-
dative phosphorylation. Oxidative phosphorylation is 
the means by which the mitochondrial electron transport 
chain produces cellular energy in cells throughout the 
body.72,73 In this feline study, all of the protein complexes 
(I–V) that make up the electron transport chain revealed 
down-regulated genes compared with controls; these 
results, combined with the data generated here that con-
trol for age, strongly suggest that the differences in oxi-
dative phosphorylation in the DJD population were 
above and beyond the changes that occur in the electron 
transport chain during the normal ageing process.74 
Mitochondrial dysfunction could be an important factor 
in the development of DJD. The literature solidly sup-
ports the theory of mitochondrial dysfunction in the 
realm of mammalian arthritis. One such study used 
human articular chondrocytes to investigate gene 
changes between osteoarthritic and control populations. 
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That report demonstrated that electron transport chain 
complexes II and III were down-regulated and mito-
chondrial mass increased in the osteoarthritic, but not in 
the normal, human articular chondrocytes.75 The authors 
of that study also concluded that mitochondrial dys-
function could be contributing to the pathology of arthri-
tis. In cats, it seems evident from the current study’s 
findings that DJD cats demonstrated reduced activity 
within the electron transport chain and therefore pro-
duced less cellular energy. Taken together, mitochondrial 
involvement in the disease process of DJD seems credi-
ble and further research into mitochondrial imbalances 
within arthritic subjects is clearly necessary.

PCA on the 87 differentially-expressed proteins (Figure 
6) confirmed that the two experimental groups could be 
separated based on protein expression in the serum. 
Furthermore, proteomic analysis provided authentica-
tion for many of the genomic differences seen between 
the DJD and non-DJD animals. The clustering amongst 
the subjects within each group was not as tight on the 
proteomics graph of the data as it was in the genomics 
version. There are a few explanations for this. It is impor-
tant to remember that the genomics PCA was performed 
using thousands of differentially expressed genes, while 
the proteomics PCA was carried out using just 87 differ-
entially-expressed proteins. When comparing gene and 
protein changes, a direct, one-to-one relationship between 
the two molecule types is never expected. This is because 
the dynamic range and half-lives of messenger RNA mol-
ecules and proteins are quite different, and the sensitivity 
of equipment used to measure each molecule type also 
differs. Consequently, more variation within a group 
with respect to one molecule type over another is not 
considered unusual. Also, the proteomics work used 
samples from pooled as opposed to individual subjects, 
so more variation within the proteomics graph is to be 
expected. Lastly, if any of the control animals (in blue) 
were in early, pre-clinical stages of DJD disease, they 
would demonstrate higher variability in serum protein 
levels than the control animals. This last point may 
explain why some of the control data points are grouped 
closer to DJD rather than fellow non-DJD cats on the 
PCA graph. Although this possibility cannot be dis-
counted, none of these cats had developed any outward 
signs of clinical disease when this article was accepted 
for publication.

The antigen presentation aspect of the immune 
response was not the only aspect of the immune system to 
be differentially regulated in DJD cats. Through proteomic 
analysis of serum, the classical complement component of 
the immune system and clusterin protein were also found 
to be altered in cats with DJD compared with non-DJD 
cats. The classical complement component, also known as 
the complement system, is a bridge between the adaptive 
system, represented by the antigen presentation and 

processing components (described above) and the innate 
system of a body’s immune function.76 It is comprised of 
a regulated set of blood proteins that work to lyse non-
specific foreign matter.76 In this study, DJD cats were 
found to have a marked increase in complement compo-
nents C1s, C1r and C3, while exhibiting down-regulation 
of the complement system regulator clusterin. An over-
activated, improperly activated or unregulated comple-
ment system has been identified as problematic because 
these situations lead to a perpetuation of inflammation 
and disease in mammals.77 Research in the literature 
reports up-regulated complement system gene compo-
nents and down-regulated complement system regulators 
within juvenile idiopathic arthritis, RA and OA.43,78,79

As a whole, the altered expression levels of these 
genes and proteins involved in both the adaptive 
immune response and classical complement component 
of the immune system point to a defective immune 
response within cats with DJD that could cause and 
exacerbate an arthritic condition. Specifically targeting 
the immune system for intervention in the areas outlined 
above is an obvious step for future pharmaceutical and 
nutritional therapies.

Conclusions
The chances of developing DJD are increased with 
increasing age; furthermore, increasing weight could 
also be a risk factor for the disease. However, the poten-
tial contribution of weight differences was not assessed 
directly in this study and will be within the scope of 
future studies. The differentially-expressed genes 
detailed here are important because they represent 
changes within DJD animals that far exceed the changes 
observed with normal ageing. As noted previously, the 
chances of developing DJD greatly increase with age; 
therefore, it is important that the study addresses this 
issue so that only those genes and proteins specifically 
related to DJD are examined and that the results are not 
clouded by factors unrelated to disease state. This study 
controlled for subject age to ensure that the differen-
tially-expressed genes discussed here represented true 
differences between disease states and were not compli-
cated by this confounding factor. There were certainly 
gene expression differences in common between the 
groups when subjects were classified by disease or age, 
indicating commonalities between natural ageing and 
DJD pathways. However, significantly more up- or 
down-regulated genes were identified between disease 
groups than when the animals were grouped by age 
alone, and those genes that were similarly altered when 
the animals were grouped based on other factors were 
found to be changed to a lesser extent than when the ani-
mals were classified by disease alone. The data suggest 
that feline DJD could be a form of ‘accelerated ageing’ 
and support the assertion that the differentially expressed 
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genes shown here are, in fact, related to disease and not 
due to the confounding ageing process alone. 
Furthermore, the molecular processes associated with 
feline DJD in the affected joint tissues may be different 
than those reported here for whole blood and its deriva-
tives, and further work is needed to evaluate the gene 
expression and proteomic changes in peripheral tissue.
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