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Introduction and Summary
Currently, radiographs are the standard used to diagnose and chronicle the progression of
osteoarthritis (OA); however, this current methodology lacks strong predictive abilities1. As
such, the search for OA-specific biomarkers has gained much momentum. These biomarkers,
once validated, could become invaluable diagnosis and disease-tracking tools for OA. Due to
the number of factors that influence biomarker concentration in humans, animal models of OA,
such as the Hartley guinea pig2–4, are important in that they provide a less complex system in
which to validate and assess the utility of the biological markers of disease. In the current study,
the levels of 18 cytokines were measured in Hartley guinea pig serum at time points ranging
from 3 weeks to 18 months of age. These levels were then tested for any correlation with total
histology. After all cytokines demonstrating a significant association with weight or age were
excluded, IL-6 (p=0.016) and G-CSF (p=0.024) were found to correlate positively with total
histological score. Models involving each of these cytokines paired independently with weight
explained 43–44% of the variance in total histology.

Methods, results, and discussion
Forty six male Hartley guinea pigs were obtained from Charles River Laboratories and
sacrificed at 3 weeks, 2, 4, 7, 10, 12 (N=6 per group), and 18 months (N=10) of age, at which
time blood samples were obtained. Animals were kept in solid-bottom cages, and were given
unlimited access to water. They were fed standard guinea pig chow (Purina Lab Diet 5024)
containing Vitamin C (1 mg/g) and Vitamin D3 (3.4 IU/g). All procedures were pre-approved
by the Institutional Animal Care and Use Committee.

Histological severity of knee OA was determined using a semi-quantitative grading scheme
described previously4, which assessed cartilage structure abnormalities and proteoglycan loss.
In accordance with that protocol, the sum of these two types of damage was computed for the
tibial and femoral condyles for the medial compartment and the lateral compartment. Hence,
the possible total score for each compartment ranged from 0 (normal) to 28 (severe structural
damage and complete loss of toluidine blue staining), while the whole joint score for histology
ranged from 0 to 56.
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The following cytokines and chemokines in the serum were measured using the Bio-Plex
Protein Array System (Bio-Rad, Hercules, CA) with the Bio-Plex Mouse cytokine 18-Plex
Panel: IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, KC (a murine IL-8 homologue), IL-10,
IL-12p40, IL-12p70, IL-17, granulocyte macrophage colony-stimulating factor (GM-CSF),
granulocyte colony-stimulating factor (G-CSF), interferon gamma (IFN-γ), macrophage
inflammation protein 1 alpha (MIP-1α), RANTES (regulated upon activation, normal T-cell
expressed and secreted), and tumor necrosis factor alpha (TNF-α). All samples were analyzed
as recommended by the manufacturer using a standard range of 0–3200 pg/mL and a sample
dilution of 1:2; utilizing a total of 30 μL of sera.

Cytokine concentrations were log transformed to meet assumptions of normalcy. To
differentiate OA-related from purely age-related effects, only the serum concentrations (pg/
mL) of cytokines previously shown to significantly differ between age-matched animals (OA-
prone Hartley and OA-resistant Strain 13)5 were evaluated for correlations with total histology.
Similarly, all cytokines significantly associated with weight were discarded. The data were
examined for correlations with total joint histological score using JMP Discovery software.
Type I error was controlled using Holm step-down P values6. Afterwards, multiple-linear
regression analyses were performed, and the resultant models were scrutinized.

Despite the Bio-Plex kits being designed for use in mice, measurable levels were obtained for
16 of the 18 cytokines tested. IL-1α and IL-4 levels were below the detection limit for the
assay. Histological OA presented at 4 months and significantly worsened through 18 months.
All 16 measurable cytokines followed similar bimodal distribution patterns characterized by
a first peak occurring at 2 months of age, a nadir at 7 months of age, and a significant increase
from 7 to 18 months of age (Figure 1). The 7–18 month increase corresponded to the period
of histological OA development in this model system. The high serum concentrations at 2
months of age are likely associated with growth and development as opposed to pathogenesis,
as cytokine levels have been shown to be elevated during childhood in healthy humans7;
however, this association with growth cannot account for the later increase from 7 to 18 months
of age since long bone growth ceases by approximately 4 months of age.8

Of the 16 measurable cytokines, 12 were shown previously to significantly differ between age-
matched Hartley and Strain 13 guinea pigs: IL-2, IL-3, IL-5, IL-6, KC, IL-12p40, IL-12p70,
IL-17, GM-CSF, G-CSF, MIP-1α, and RANTES. Among these twelve cytokines, seven
showed a positive, linear association with total histological severity: IL-6(p=0.016), G-CSF
(p=0.024), IL-2(p=0.032), IL-12p70(p=0.036), IL-5(p=0.042), GM-CSF(p=0.044), and IL-17
(p=0.047). Upon linear regression, none of the 7 demonstrating a correlation with total
histology showed evidence of a significant association with weight. After correcting for
multiple comparisons, two correlations remained significant (IL-6 and G-CSF) and were
evaluated further with multiple linear regressions. The two resultant models pairing G-CSF
and IL-6 independently with weight explained respectively 43% and 44% of the variance in
total histology from 7 through 18 months of age, up from the respective 18% and 20% variance
explained when weight was excluded. In contrast, weight alone explained 31% of the variance
in total histology (p=0.002). Each of the two cytokines showed a significant p-value in their
weight-paired models (p= 0.032 for IL-6, p=0.036 for G-CSF) though weight remained more
significant in both models with a P-value of 0.004. A model utilizing the serum concentrations
of both of these cytokines did not exhibit improved predictive ability.

Though the same general pattern is observed for all 16 measurable cytokines, a number of
important inferences can be made (Table 1). Only one cytokine, IFN- γ, showed no difference
between strains as well as no significant correlation with either weight or histology. Thus, the
second rise in IFN- γ can be attributed solely to its relationship with age. Conversely, IL-1β,
TNF-α, and IL-10 showed no variation between strains, yet still correlated positively with
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either weight (p[IL-10]=0.048) or total histological score (p[IL-1β]=0.011, p[TNF-α]=0.023).
In the case of these three, more data would be necessary before attributing their pattern of
variance to a primary source; however, it is likely that total histology and age (with the addition
of weight in the case of IL-10) all contributed to the observed variance in serum concentration.
Without being able to rule out the influence of age in these three cytokines through strain-to-
strain comparison, the influence of age (and weight in the case of IL-10) is an unavoidable
confound because age and weight correlate positively with total histology over the 7–18 month
time period in question. For those cytokines that did not show a positive correlation with total
histology or weight (IL-8, RANTES, IL-3, MIP-1α, and IL-12p40) the differences in cytokine
serum concentrations between age-matched animals of the two strains (Hartley and Strain 13)
can be reasonably attributed to previously uncharacterized strain variation.

In conclusion, only the age and weight-independent associations of IL-6 and G-CSF with
histological OA were significant under the conditions imposed by the Holm step-down
adjustment. Though the observed changes of these cytokine levels may be due to a correlation
with age, it is highly unlikely given the significant difference between Hartley and Strain 13
age-matched cohorts.

It is encouraging that IL-6 correlated positively with total histological score because IL-6 has
been shown to use trans-signaling to regulate pre-B cell colony-enhancing factor (PBEF),
which is involved in the progression of OA9. Additionally, it has been reported that synovial
fluid levels of IL-6 are associated with synovitis10. IL-6 is also linked to OA pathology via
bone erosion, in that IL -6 triggers osteoclast development in the presence of the soluble IL-6
receptor11. Paradoxically, both pro-and anti-inflammatory properties have been ascribed to
IL-612. In an experiment not measuring OA, IL-6 deficient C57 black mice have been shown
to develop mature-onset obesity13 thought to be due to the loss of a central nervous system
(CNS) anti-obesity effect of IL-614. On the one hand, IL-6 deficiency in IL-6 knockout
(IL-6−/−) mice is associated with milder synovitis12, suggesting that IL-6 encourages joint
inflammation. In contrast, IL-6−/− male mice develop significantly more severe spontaneous
OA with aging15, pointing towards a protective role for IL-6; however, this study did not record
mouse weight, which, if increased due to deficiency of IL-6 in the CNS, could explain these
paradoxical findings. Thus, IL-6 potentially has a dual role in OA pathology inclusive of both
its positive correlation with total histological score9–11 reinforced in the current study, and its
apparent protective effect12 possibly mediated through weight regulation. In rat chondrocytes,
G-CSF had been shown to increase production of nitric oxide16, a known OA-related
inflammatory mediator17. In light of these data, further investigation into the specific
mechanisms of the OA-related effects of G-CSF and IL-6 is warranted in the context of human
osteoarthritis.
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Figure 1.
IL-6 and G-CSF serum concentrations over the entire experimental period. Note that all
reported statistics refer to only the 7–18 month time period. Neither cytokine serum
concentration associated significantly with weight. The p-values reported for the weight-
inclusive models show that IL-6 and G-CSF significantly contribute to the models' prediction
of total histology.
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Table 1
Legend: Correlations between total histological score and tested cytokines in the Hartley guinea pig. Results are
organized by likely association and statistical significance.

Variation Between Hartley and Strain 13
Serum Concentrations

Association with Total Histology
[r^2, p]

Likely Cause of Variation in Serum
Concentrations

Significant
IL-6 0.20, 0.016* OA

G-CSF 0.18, 0.024* OA
IL-2 0.16, 0.032 OA

IL-12p70 0.17, 0.036 OA
IL-5 0.15, 0.042 OA

GM-CSF 0.17, 0.044 OA
IL-17 0.16, 0.047 OA
IL-3 0.13, 0.068 Strain Related Variation
IL-8 0.09, 0.137 Strain Related Variation

MIP-1α 0.08, 0.150 Strain Related Variation
IL-12p40 0.09, 0.150 Strain Related Variation
RANTES 0.05, 0.270 Strain Related Variation

Not Significant
IL-1β 0.23, 0.011 Age/OA
TNF-α 0.18, 0.023 Age/OA
IL-10† 0.20, 0.031 Weight, Age/OA
IFN-γ 0.09, 0.150 Age

*
Significant according to Holm step-down p-values.

†
Displayed a significant correlation with Weight [0.17, 0.047]
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