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Abstract 

Post-traumatic arthritis (PTA) is arthritis that develops following joint injury, 

including meniscus and ligament tears. Current treatments for PTA range from over-

the-counter medication to knee replacement; however, in the presence of obesity, the 

levels of pro-inflammatory cytokines, such as interleukin-1 (IL-1) and tumor necrosis 

factor alpha (TNF-α,) are more elevated than in non-obese individuals. The role of fatty 

acids, obesity, and PTA has been examined, with omega-3 fatty acids showing promise 

as an anti-inflammatory after injury due to its ability to suppress IL-1 and TNF-α. Due to 

the difficulty in switching patients’ diets, an alternative solution to increasing omega-3 

levels needs to be developed. The Fat-1 enzyme, an omega-3 desaturase that has the 

ability to convert omega-6 to omega-3 fatty acids, may be a good target for increasing 

the omega-3 levels in the body.  

In the first study, we examined whether Fat-1 transgenic mice on a high-fat diet 

would exhibit lower levels of PTA degeneration following the destabilization of the 

medial meniscus (DMM). Both male and female Fat-1 and wild-type (WT) littermates 

were put on either a control diet (10% fat) or an omega-6 rich high-fat diet (60% fat) and 

underwent DMM surgery. Arthritic changes were examined 12 weeks post-surgery. Fat-

1 mice on both the control and high-fat diet showed protection from PTA-related 

degeneration, while WT mice showed severe arthritic changes. These findings suggest 
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that the omega-6/omega-3 ratio plays an important role in reducing PTA following 

injury, and demonstrates the potential therapeutic benefit of the Fat-1 enzyme in 

preventing PTA in both normal and obese patients following acute injury. 

Following this, we needed to establish a translatable delivery mechanism for 

getting the Fat-1 enzyme, which is not present in mammalian cells, into patients. In the 

second study, we examined whether anti-inflammatory gene delivery of the Fat-1 

enzyme would prevent PTA following DMM surgery. In vitro testing of both lentivirus 

(LV) and adeno-associated virus (AAV) was completed to confirm functionality and 

conformation of the Fat-1 enzyme after transduction. Male WT mice were placed on an 

omega-6 rich high-fat diet (60% fat) and underwent DMM surgery; either local or 

systemic AAV injections of the Fat-1 enzyme or Luciferase, a vector control, were given 

immediately following surgery. 12 weeks post-surgery, arthritic changes were assessed. 

The systemic administration of the Fat-1 enzyme showed protection from synovial 

inflammation and osteophyte formation, while administration of Luciferase did not 

confer protection. These findings suggest the utility of gene therapy to deliver the Fat-1 

enzyme, which has potential as a therapeutic for injured obese patients for the 

prevention of PTA.  
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Figure 25: Synovial fluid IL-5 analysis in mice at sacrifice (week 28). Synovial fluid IL-5 

levels in mice were analyzed via ELISA. ^ denotes 0.05≤p<0.1 between experimental and 

contralateral control limb using Wilcoxon Matched Pairs test. Mean ± standard deviation 
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Figure 26: Synovial fluid IL-6 analysis in mice at sacrifice (week 28). Synovial fluid IL-6 

levels in mice were analyzed via ELISA. * denotes p<0.05 between experimental and 

contralateral control limb using Wilcoxon Matched Pairs test. Mean ± standard deviation 
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Figure 27: Synovial fluid IL-8 analysis in mice at sacrifice (week 28). Synovial fluid IL-8 

levels in mice were analyzed via ELISA. * denotes p<0.05 between experimental and 

contralateral control limb using Wilcoxon Matched Pairs test. Mean ± standard deviation 
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Figure 29: In vitro lipidomics analysis of HeLa cells and media after omega-6 

supplementation. (A) Analysis of HeLa cells on day 3 and day 7. * denotes p<0.05 

between day 3 and day 7 samples using Fisher LSD post-hoc test. # denotes p<0.05 

between sample and NT control on day 7 using Fisher LSD post-hoc test. $ denotes 

p<0.05 between sample and Fat-1 on day 7 using Fisher LSD post-hoc test. Mean ± 

standard deviation reported (n=3 per group). (B) Analysis of media on day 3 and day 7. 

Mean ± standard deviation reported (n=3 per group). ........................................................ 102 

Figure 30: Pro-inflammatory cytokine mRNA analysis of (A) MCP-1 (CCL2), (B) IL-6, 

and (C) TNF-α in cells in control or omega-6 supplemented (fatty) media. (A) Cell 

mRNA levels of MCP-1 (CCL2) at day 7. 18S was used as a housekeeping gene. Mean ± 

standard deviation reported (n=3 per group). (B) Cell mRNA levels of IL-6 at day 7. 18S 

was used as a housekeeping gene. Mean ± standard deviation reported (n=3 per group). 

(C) Cell mRNA levels of TNF-α at day 7. * denotes p<0.05 between Fat-1 and eGFP cells 

using Fisher LSD post-hoc test. 18S was used as a housekeeping gene. Mean ± standard 
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Figure 31: Western blot analysis of Fat-1+HA tag in cells and media. (A) Western blot of 

non-transduced cells, RunX2+3HA tag transduced cells (positive control, 56.65kDa), and 
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Fat-1+HA tag transduced cells (46.49kDa) (n=3 per group). (B) Western blot of non-

transduced cells, RunX2+3HA tag transduced cells, and Fat-1+HA tag transduced cells 

for actin (42kDa) as a blot control (n=3 per group). (C) Western blot of non-transduced 

cells, Fat-1+HA tag transduced cells (2 lanes), non-transduced media, and Fat-1+HA tag 

transduced media (3 lanes) (n=3 per group). ........................................................................ 106 

Figure 32: RT-qPCR validation of AAV transduction in 293T cells. Non-transduced cells, 

AAV-Luciferase (Luc) transduced cells, and AAV-Fat-1 transduced cells were analyzed 

using RT-qPCR for the presence of Luciferase or Fat-1 mRNA. * denotes p<0.05 

compared to non-transduced cells using Student’s t-test. 18S was used as a 

housekeeping gene. Mean ± standard deviation reported (n=3 per group). .................... 107 

Figure 33: Assessment of joints for articular cartilage degeneration. (A) Modified Mankin 

total joint score of the experimental limb and the contralateral control limb. * denotes 

p<0.05 between control and experimental limb using Wilcoxon Matched Pairs test. ^ 

denotes 0.05≤p<0.1 between control and experimental limb using Wilcoxon Matched 

Pairs test. Mean ± standard deviation reported (n=5-14 per group). (B) Representative 

histologic pictures of articular cartilage on the medial side for each group with Safranin-

O/Fast Green staining at 12 weeks post-surgery. Scale bar indicates 100µm. .................. 108 

Figure 34: Assessment of joints for synovial inflammation. (A) Modified Krenn total joint 

score of the experimental limb and the contralateral control limb. * denotes p<0.05 

between control and experimental limb using Wilcoxon Matched Pairs test. Mean ± 

standard deviation reported (n=5-14 per group). (B) Representative histologic pictures of 

synovium on the medial side for each group with Hematoxylin/Eosin staining at 12 

weeks post-surgery. Scale bar indicates 200µm. .................................................................. 110 

Figure 35: Assessment of joints for osteophyte formation. (A) Quantitative osteophyte 

class total joint score of the experimental limb and the contralateral control limb for the 

lateral side. * denotes p<0.05 between control and experimental limb using Wilcoxon 

Matched Pairs test. ^ denotes 0.05≤p<0.1 between control and experimental limb using 

Wilcoxon Matched Pairs test. Mean ± standard deviation reported (n=5-14 per group). 

(B) Quantitative osteophyte class total joint score of the experimental limb and the 

contralateral control limb for the medial side. * denotes p<0.05 between control and 

experimental limb using Wilcoxon Matched Pairs test. Mean ± standard deviation 

reported (n=5-14 per group). (C) Representative histologic pictures of articular cartilage 

on the lateral side for each group with Safranin-O/Fast Green staining at 12 weeks post-

surgery. Scale bar indicates 500µm. ....................................................................................... 112 
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Figure 36: Body weight tracking of mice from week 5 to sacrifice (week 35). Mice were 

weighed weekly to determine body weight throughout the study. * denotes p<0.05 

between routes of administration (IA versus Sys) using Fisher LSD post-hoc test. Mean ± 

standard deviation reported (n=5-14 per group). ................................................................. 113 

Figure 37: Whole body bone mineral density (BMD) measures at week 20 and sacrifice 

(week 35). Mice were scanned using the DEXA to determine whole body BMD 

measurements. Mean ± standard deviation reported (n=5-14 per group). ....................... 114 

Figure 38: Whole body percent body fat measures at week 20 and sacrifice (week 35). 

Mice were scanned using the DEXA to determine whole body percent body fat 

measurements. Mean ± standard deviation reported (n=5-14 per group). ....................... 115 

Figure 39: Serum lipidomics analysis of mice at sacrifice. Serum samples from mice were 

analyzed for omega-3 and omega-6 fatty acid content. Ratio between omega-6/omega-3 

fatty acids reported. * denotes p<0.05 between groups using Kruskal-Wallis ANOVA 

test. Mean ± standard deviation reported (n=5-14 per group). ........................................... 116 

Figure 40: Synovial fluid lipidomics of mice at sacrifice. Synovial fluid samples from 

mice were analyzed for omega-3 and omega-6 fatty acid content. Concentration of 

omega-6 fatty acids reported. * denotes p<0.05 between limbs using Wilcoxon Matched 

Pairs test. ^ denotes 0.05≤p<0.1 using Wilcoxon Matched Pairs test. Mean ± standard 

deviation reported (n=5-14 per group)................................................................................... 118 
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1. Introduction 

1.1 Overall Objectives 

Osteoarthritis (OA) is a degenerative disease that affects the joints, including the 

hands, feet, knees, and hips. An estimated 27 million Americans suffer from OA, which 

is expected to rise to 67 million by 2030 [1, 2]. Post-traumatic arthritis (PTA), which 

arises following trauma to a joint, affects an estimated 12% of current OA patients and 

leads to rapid degeneration due to limited treatment options [3]. 

The obesity epidemic currently affects over 78.6 million Americans and has a 

multifaceted origin. Social culture, environment, metabolism, energy imbalance, and 

genetic predisposition all play a role in whether an individual will become obese [4, 5]. 

Studies examining the human genome have revealed that 135 genes are associated with 

obese phenotypes, and another 182 genes are associated with physical activity or 

inactivity [4]. Scientists believe that both the evolution of humans and the 

industrialization and urbanization of cultures will lead to a global obesity epidemic in 

the future [6]. The population of obese individuals will continue to rise due in part to the 

increased levels of processed, fatty foods that have become a staple in American diets 

and the decrease in physical activity arising from technological advances [6, 7]. Because 

of the high levels of pro-inflammatory cytokines associated with obesity and traumatic 
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injuries, a targeted therapeutic is needed in order to quench the cascade of inflammation 

that arises following injury in the obese population [8-22].  

Obese individuals tend to have diets rich in omega-6 fatty acids [7, 23]. Because 

of this high omega-6/omega-3 ratio, which has been reported to be 17:1 in the United 

States [23], lowering this ratio would allow for the decrease in pro-inflammatory omega-

6 fatty acids in the body [24, 25]. The Fat-1 enzyme, originally identified in C. elegans, is 

an omega-3 desaturase that has the function of converting omega-6 fatty acids to omega-

3 fatty acids by introducing a double bond [26]. A recent study in our lab showed that 

omega-3 fatty acids had a protective effect after induction of PTA using the 

destabilization of the medial meniscus (DMM) model in C57BL/6 mice [27]. By utilizing 

the Fat-1 enzyme, which is not found in mammals, targeted conversion of omega-6 fatty 

acids to omega-3 fatty acids could provide therapeutic protection in the injured joint. 

Gene therapy provides a delivery method in which mammalian cells can be 

transduced to express Fat-1, allowing for the conversion of omega-6 fatty acids to 

omega-3 fatty acids in vivo. The use of both lentivirus (LV) and adeno-associated virus 

(AAV) has been shown to be safe, effective, and can produce long-term transgene 

expression in mice and humans [28-36]. 

The overall objective of this dissertation is to combine the protective effect of 

omega-3 fatty acids with gene therapy in order to deliver a vector capable of 
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transducing cells with the Fat-1 enzyme in vivo to prevent PTA. The central 

hypotheses of this study are (1) overexpression of omega-3 fatty acids in the Fat-1 

transgenic mouse model will protect mice from PTA after injury induction using a 

known PTA model, (2) LV and AAV vectors containing the Fat-1 enzyme will show 

reduced omega-6/omega-3 ratios compared to non-transduced cells in vitro, and (3) 

delivery of the AAV vector in vivo to obese mice after injury induction will result in 

reduced PTA degeneration compared to vector controls. To achieve the overall objective 

of this study, these central hypotheses will be tested in the following two specific aims. 

1.2 Aim 1: Fatty acid dietary enrichment in Fat-1 and Wild-Type 
(WT) mice for the prevention of post-traumatic arthritis (PTA) 

In this study, PTA degeneration and inflammation will be evaluated both locally 

and systemically in eight experimental groups, which will look at the effects of gender 

(male versus female), strain (C57BL/6 wild-type (WT) mice versus C57BL/6-Fat-1 mice), 

and diet (control versus high-fat diet). Injury induction will be established using DMM 

surgery, with the contralateral limb serving as a non-operated control in each mouse. 

Mice will be euthanized 12 weeks post-surgery; a variety of outcome measures will be 

assessed in order to determine the level of PTA degeneration in both injured and control 

limbs. Evaluation of joints will include histologic measures to determine cartilage 

degeneration, osteophyte formation, and synovial inflammation. Global evaluation 

methods include biomarker measures to determine levels of chemokines and cytokines 
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in both local and systemic circulation, lipidomic measures to determine fatty acid ratios 

in fluids and tissues, and body fat and bone mineral density analysis using DEXA. Fat-1 

mice on both the control and high-fat diet showed protection from PTA-related 

degeneration, while WT mice showed severe arthritic changes. These findings suggest 

that the omega-6/omega-3 ratio plays an important role in reducing PTA following 

injury, and demonstrates the potential therapeutic benefit of the Fat-1 enzyme in 

preventing PTA in both normal and obese patients following acute injury. 

1.3 Aim 2: Anti-inflammatory gene therapy of the Fat-1 enzyme in 
vitro and in vivo for the prevention of post-traumatic arthritis 
(PTA) 

1.3.1 Aim 2: In vitro gene delivery of Fat-1 

In this study, the Fat-1 enzyme will be cloned into a LV vector containing an 

eGFP coding sequence. Virus production will occur via transfection of 293T cells. 

Validation studies will be performed to confirm gene expression through flow 

cytometry and mRNA expression through RT-qPCR. Fatty acid conversion will be 

confirmed using a Fatty Acid Metabolism Panel assay from Metabolon. The Fat-1 gene 

sequence will also be cloned into an AAV vector once methods are established, and the 

same validation methods will be used to confirm gene and mRNA expression in vitro. 

Cells that were transduced with the Fat-1 enzyme using lentivirus showed significant 

reduction in the omega-6/omega-3 ratio compared to eGFP (vector control) and non-
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transduced controls when fed with omega-6 supplemented media. Both LV and AAV 

vectors containing the Fat-1 gene were able to transduce cells as confirmed by mRNA 

expression. Western blot analysis using a HA-tagged LV-Fat-1 vector showed that the 

Fat-1 enzyme is both intracellular and extracellular. These findings confirmed the 

functionality of the Fat-1 enzyme in vitro and validated the ability of the AAV vector to 

transduce cells before use in vivo. 

1.3.2 Aim 2: In vivo gene delivery of Fat-1 in wild-type (WT) mice 

In this study, PTA degeneration and inflammation will be evaluated both locally 

and systemically in four experimental groups, which will look at the effects of delivery 

method (local versus systemic) and diet (control versus high-fat). Injury induction will 

be established using DMM surgery, with the contralateral limb serving as a non-

operated control in each mouse. Mice will receive a local or systemic injection of either 

AAV-Luciferase or AAV-Fat-1 immediately following surgery, and will be euthanized 

12 weeks post-surgery. Evaluation of joints will include histologic measures to 

determine cartilage degeneration, osteophyte formation, and synovial inflammation, 

and lipidomics analysis to determine local and systemic fatty acid levels. The systemic 

administration of the Fat-1 enzyme showed protection from synovial inflammation and 

osteophyte formation, while administration of Luciferase did not confer protection. 
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These findings suggest the potential utility of gene therapy to deliver the Fat-1 enzyme, 

which has promise as a therapeutic for injured obese patients for the prevention of PTA. 
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2. Background 

2.1 Post-traumatic Arthritis (PTA) 

Post-traumatic arthritis (PTA) is arthritis that develops following joint trauma. 

Some causes of PTA include the abnormal loading of a synovial joint, meniscus, 

ligament, or joint capsule tears, joint dislocation, and articular fractures [3]. Of the 27 

million patients who currently have OA, 12% of these patients are believed to have PTA 

at an annual cost of $3.06 billion in the United States [3, 37, 38]. Current treatments of 

PTA are limited; in the instance of trauma, reduction of the joint to restore stability is the 

only treatment to reduce the risk of PTA. After trauma, pro-inflammatory cytokines 

have been shown to be upregulated following joint trauma [8, 10, 13, 14, 16, 19, 20, 22]. 

2.2 Osteoarthritis (OA)  

Osteoarthritis (OA) is a degenerative disease that involves the tissue, cartilage, 

ligaments and bones of joints. Affected joints include the neck, back, hips, hands, feet, 

and knees. An estimated 27 million people in the United States suffer from OA, at an 

annual cost of $60 billion [2, 38]. Current treatments for OA range from over-the-counter 

drugs, corticosteroid injections, weight loss, and exercise to more drastic measures such 

as osteotomy, stem cell transfer, and, in severe cases, joint replacement [39, 40]. Risk 

factors for OA include age, gender, trauma, overuse injuries, obesity, and genetics [41]. 
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Pro-inflammatory cytokines, such as IL-1 and TNF-α, have been shown to be 

upregulated in OA and exhibit a catabolic effect on cartilage [41]. 

2.3 Obesity 

Obesity is defined as a body mass index greater or equal to 30 [7]. Body mass 

index is a measure of body fat that is determined by the height and weight of a person. 

Although BMI measures are not always accurate—for example, a muscular person will 

have a higher BMI, even though they are not overweight—it is still the standard for 

determining obesity [42]. Obesity affects 78.6 million Americans, and arises from a 

combination of energy imbalance (eating more calories than you burn), genes and 

metabolism, and environment and social culture [5, 7]. People who are obese are at 

higher risks for certain diseases, including heart disease, diabetes, cancers, hypertension, 

stroke, and arthritis, among others. Obesity in the United States costs $147 billion 

annually [43]. 

2.4 Obesity & Arthritis 

Obesity has been identified as one of the primary risk factors for osteoarthritis, 

but the underlying mechanism is unknown [44]. Because of the wide range of treatments 

for obesity, it is considered a modifiable risk factor for knee OA [45]. Numerous 

biomechanics studies have shown that weight increases drastically affects the amount of 

force on a joint; Messier et al. found that a 1 kilogram weight increase added 4 kilograms 
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of compressive load on the knee [46]. Like OA and PTA, obesity increases the level of 

pro-inflammatory cytokines and chemokines in circulation [9, 11, 15, 17, 18, 21]. 

2.5 Diets, Omega-3, & Omega-6 

There are two main categories of dietary fatty acids: unsaturated and saturated 

fatty acids (FAs). Unsaturated fatty acids contain one or more double bonds between 

carbon atoms and can be further categorized. Monounsaturated fatty acids (MUFAs) 

contain only one double bond, while polyunsaturated fatty acids (PUFAs) contain two 

or more double bonds [47]. Saturated fatty acids (SFAs) contain no double bonds 

between atoms, and are typically between 12-24 carbons long. 

Within PUFAs, there are two important categories: omega-3 and omega-6 fatty 

acids. omega-3 fatty acids include α-linolenic acid (ALA), which is derived from seed 

oils, and EPA/DHA, which are found in fatty fish. omega-6 fatty acids include linoleic 

acid (LA), which is derived from plant oils, and arachidonic acid (ARA), which is found 

in meat and fish. Of these fatty acids, ALA and LA are considered essential fatty acids, 

meaning that humans need them to perform metabolic processes; they are not able to be 

synthesized naturally and must be obtained from diets [47]. 

Both omega-3 and omega-6 compete for the same conversion enzymes within the 

body [48]. Because of this, the levels of each type of fatty acid can play a role in the 

overall level of inflammation. For instance, in the presence of increased omega-6 levels, a 
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reduction in omega-3 levels led to increased inflammation in the body, whereas with an 

increase in omega-3 levels and a decrease in omega-6 levels in the body, decreased 

inflammation was observed [25]. Fatty acids play a role in inflammation through the 

formation of eicosanoids, which include prostaglandins, leukotrienes, lipoxins, and 

other metabolites) [24]. omega-6 fatty acids, such as AA, form class 2 prostaglandins 

(PGE2, PGI2, and TXA2) and class 4 leukotrienes, such as LTB4 [48]. These compounds 

produce a potent pro-inflammatory environment, which increases the production and 

recruitment of monocytes, neutrophils, and eosinophils. Conversely, omega-3 fatty acids 

such as EPA produce class 3 prostaglandins, such as PGE3, PGI3, and TXA3 and class 5 

leukotrienes, such as LTB5, which creates an anti-inflammatory environment. Increases 

in the levels of AA-derived eicosanoids have shown to lead to allergy and inflammatory 

disorders, along with abnormal cell proliferation [9, 25, 48]. 

The ratio of omega-6/omega-3 in diets is very different depending on the culture 

and location of individuals. The United States has a ratio of 17:1, and the United 

Kingdom/Northern Europe has a ratio of 15:1; both of these cultures eat a lot of 

processed foods which leads to increased levels of omega-6 in diets. In Japan, where the 

diet consists mainly of fish, the ratio of omega-6/omega-3 comes in at 4:1. In Paleolithic 

times, where cavemen and cavewomen ate mainly plants and meat, the ratio was 0.97:1 

[23]. 
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2.6 Inflammation, PTA, & Fatty Acids 

Numerous studies have been done to examine the relationship between fatty 

acids, body weight, and obesity in disease models. In a PTA model, Wu et al examined 

the role of different diets on reducing arthritis after injury [27]. Using a control diet (10% 

fat), omega-3 rich diet (60% fat), omega-6 rich diet (60% fat), and a lard diet (60% fat), 

they found that mice on the omega-3 rich diet had reduced body weight and body fat 

compared to the lard and omega-6 rich diets. Mice on the omega-3 rich diet also 

exhibited reduced Mankin scores compared to the omega-6 and lard rich diets, and 

reduced synovitis scores compared to the omega-6 diet.  

Along with the increase in inflammatory levels with an increase in the omega-

6/omega-3 diets, an increase in pro-inflammatory cytokines such as IL-1, IL-6, and TNF-

α is also observed [9, 11, 15, 17, 18, 21, 27, 49]. Omega-3 has been shown to suppress the 

ability of monocytes to synthesize IL-1 and TNF-α, two potent pro-inflammatory 

cytokines [9]. 

In a study with healthy human volunteers, the group was either put on a 

flaxseed oil (omega-3 rich) diet or a sunflower oil (omega-6 rich) diet for 4 weeks [49]. 

The omega-3 rich diet was shown to reduce levels of TNF-α by 30% and IL-1β by 31%, 

whereas no change was observed in the omega-6 rich diet group. Switching both groups 

to a fish oil supplement (2.7 grams/day) for 4 weeks caused the inhibition of TNF-α by 
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over 70% and IL-1β by over 78% in both groups. For reference, the adequate intake of 

omega-3 fatty acids is said to be 2.87 grams a day; 2.22 grams of ALA and 0.65 grams of 

EPA/DHA [23]. 

2.7 Fat-1 Enzyme 

Because of the evidence that a diet rich in omega-3 reduces inflammation, the use 

of the Fat-1 enzyme became widely explored in inflammatory-based disease studies. The 

Fat-1 enzyme is an omega-3 fatty acid desaturase that was originally found in C. elegans. 

Mammalian cells do not contain this enzyme! The desaturase works by dehydrogenating 

omega-6 fatty acids by adding a double bond at the third carbon from the methyl 

terminus [26]. Kang et al produced a transgenic mouse model that constitutively 

expresses the Fat-1 enzyme throughout the body. By optimizing the codon usage of the 

original C. elegans Fat-1 gene, Kang was able to microinject the gene into fertilized mouse 

eggs and create a transgenic strain that was able to convert all omega-6 fatty acids into 

omega-3 fatty acids throughout the body [50].  

2.8 Transgenic Fat-1 Mouse & Inflammatory Diseases 

The use of the transgenic Fat-1 mouse model has exploded. Because of the role of 

fatty acids in many inflammatory-based diseases, a variety of studies have utilized these 

mice to determine if omega-3 diets can play a role in disease reduction. For instance, 

numerous cancer-related studies have shown a reduction in tumor growth in Fat-1 mice 
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[51-59] or prevention of cancer [60]. A reduction in airway allergies was observed in Fat-

1 mice [61]. A reduction in the immune response was shown in Fat-1 mice, leading to a 

reduction in pro-inflammatory cytokines [52, 62-67]. Increases in omega-3 levels in Fat-1 

mice have been shown to increase and improve brain functions [68-73]. Additional 

transgenic mouse models have also been created, including Fat-1 pigs, sheep, and cattle 

in the hope that these animals could become part of the diet, providing increased 

amounts of omega-3 fatty acids in meats that are typically considered rich in omega-6 

fatty acids [74-78]. Bone health and obesity have also been studied using the Fat-1 mouse 

model, indicating an increase in bone health and decrease in obesity using the model 

[79-84]. 

2.9 Fat-1 in OA/PTA Models 

Two studies have been published examining the role of the Fat-1 transgenic 

mouse model in the study of OA and PTA. Cai et al. showed that when Fat-1 mice and 

wild-type (WT) littermates were fed a safflower oil-rich diet (10% fat), both groups 

exhibited idiopathic OA [85]. Although the Fat-1 mice exhibited a significantly lower 

omega-6/omega-3 ratio than their WT littermates, there were no significant differences 

between strains in the OA scores of each of the four joint quadrants. 

Another study looked at the effects of the destabilization of the medial meniscus 

(DMM) model, which is classified as a PTA model. Huang et al. fed both female Fat-1 
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and WT mice a control diet and induced injury using the DMM model at 8 weeks of age 

[86]. Both 4 and 8 weeks after surgery, Fat-1 mice exhibited reduced Mankin scores 

compared to the WT mice. Fat-1 mice also exhibited increased levels of omega-3 and 

decreased levels of omega-6 in the cartilage and serum compared to WT mice.  

2.10 Fat-1 and Gene Delivery 

With regards to PTA, one potential route of treatment is gene therapy through an 

intra-articular injection. Numerous safety and efficacy studies have been done to 

validate the use of gene therapy as a treatment for diseases in the future. Both in vivo 

and ex vivo studies have confirmed that gene expression is possible in the joints of 

animals using both non-viral and viral gene delivery [34]. In the absence of an immune 

response, transgene expression has been shown to be long-term [29, 30]. Clinical trials 

have been conducted that have confirmed the safe delivery and expression of transgenes 

in humans [28, 31-36]. 

Viruses have been used to deliver genes that allow for the overexpression of both 

cytokines and antagonists in order to reduce arthritis in the joint. Glass et al created a 

doxycycline-inducible lentivirus (LV) capable of overexpressing IL-1Ra in MSCs 

delivered on scaffolds [87]. By using a tunable LV vector, the overexpression of pro-

inflammatory cytokine antagonists could reduce the risk of PTA after injury in joints by 

reducing the levels of cartilage degeneration.  With the overexpression of IL-1Ra in the 
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MSCs seeded on scaffolds, they observed a decrease in IL-1, matrix metalloproteinases 

(MMPs), and prostaglandin E2 (PGE2) production compared to non-transduced controls 

in response to IL-1 dosing. Watanabe et al. used an adeno-associated virus (AAV) to 

deliver IL-4 to murine synovium in order to reduce inflammation associated with 

rheumatoid arthritis [29]. They found that transgene expression was widespread, 

persisted over 7 months, and did not cause any virus-related inflammation. 

Two studies also looked at delivering the Fat-1 gene in vitro using either 

adenovirus or LV and subsequent omega-6 media supplementation. Kang et al. used 

adenovirus to transduce cardiac myocytes to determine whether gene delivery was 

efficient and could affect cellular fatty acid output [88]. The resulting omega-6/omega-3 

ratios was significantly lower in the Fat-1 transduced cells (0.9 versus 14.7), and 

evidence of the reduction of omega-6 PUFAs in the Fat-1 cells was confirmed when 

control cells exhibited a significantly higher level of PGE2, a downstream metabolite of 

ARA and EPA, compared to the Fat-1 transduced cells. In another study, An et al. 

looked at the use of LV to deliver the Fat-1 gene in 3T3-L1 cells, a pre-adipocyte [89].  As 

expected, the omega-6/omega-3 ratio of the Fat-1 transduced cells was significantly 

lower compared to control cells, and the ratio of ARA/EPA was also significantly lower 

in the Fat-1 transduced cells. Transduction of these pre-adipocytes did not affect the 
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cell’s ability to differentiate into adipocytes, allowing for potential use of LV in stem 

cells in the future. 
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3. Aim 1: Fatty acid dietary enrichment in Fat-1 and Wild-
Type (WT) mice for the prevention of post-traumatic 
arthritis (PTA) 

3.1 Introduction 

Post-traumatic arthritis (PTA) is arthritis that develops following trauma to the 

joint. Causes of this trauma include articular fractures, joint capsule tears, abnormal 

loading of a synovial joint, and meniscus and ligament tears [3]. 12% of the 27 million 

patients who currently have osteoarthritis (OA) are believed to have PTA, costing the 

United States $3.06 billion annually [2, 37, 38]. Current treatments of PTA are similar to 

OA treatments, which range from over-the-counter drugs, corticosteroid injections, 

weight loss, to more extreme measures such as osteotomy, stem cell transfer, and joint 

replacement [39, 40]. Risk factors for both OA and PTA include age, sex, trauma, overuse 

injuries, genetics, and obesity [41]. 

Obesity is defined as a body mass index (BMI) greater or equal to 30 [7]. BMI is a 

measure of body fat that is determined using a person’s height and weight. Although 

BMI is the main standard for determining obesity, it is not always an accurate depiction 

of a person’s body fat [42]. For example, a muscular person will have a higher BMI, even 

though they may have less body fat than an obese person with the same height and 

weight. Obesity affects 78.6 million Americans, and arises from a combination of 

variables including genes, metabolism, environment and social culture, and an energy 
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imbalance (eating more calories than you burn) [5, 7]. Individuals who are obese are at 

higher risk for particular diseases, including heart disease, diabetes, cancers, 

hypertension, stroke, and arthritis. In the United States, obesity has an annual cost of 

$147 billion [43]. 

Obesity has been identified as one of the risk factors for both PTA and OA, but it 

is unknown as to what aspect of obesity causes arthritis [44]. Because of the numerous 

treatment options for obesity—weight loss (diet/exercise) and surgery—it is considered 

a modifiable risk factor for knee OA. Biomechanics studies have shown that increased 

weight greatly increases the force on a joint; for example, one study showed that a 1kg 

weight gain increased the amount of compressive load on the knee by 4kg [46]. 

The relationship between obesity, body weight, and fatty acids has been 

examined for a number of disease models. In a PTA model, Wu et al examined the roles 

of different fatty acid-rich diets on arthritis development following injury [27]. Using a 

control diet (10% kcal from fat), omega-3 rich diet (60% kcal from fat), omega-6 rich (60% 

kcal from fat), and lard-rich diet (60% kcal from fat), the study authors found that mice 

on the omega-3 rich diet had reduced body weight, body fat percentage, and reduced 

arthritis degeneration compared to mice on the omega-6 and lard-rich diets. Mice on the 

omega-3 rich diet also had reduced synovitis scores compared to mice on the omega-6 

rich diet. Inflammation caused by obesity can be attributed to the rise in levels of pro-
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inflammatory cytokines such as IL-1, IL-6, and TNF-α. These cytokines have also been 

shown to be upregulated in OA and PTA [8-11, 13-22, 41]. Omega-3 has been shown to 

suppress the synthesis of IL-1 and TNF-α, two of the potent cytokines in the 

development of PTA after trauma. Studies in healthy humans have shown that 

switching to an omega-3 rich diet or fish-oil supplement can reduce the levels of IL-1β 

(31%, 78%) and TNF-α (30%, 70%) in the body [49]. 

Because of the anti-inflammatory effect of omega-3, the use of the Fat-1 enzyme 

has become popular in inflammatory disease studies. The Fat-1 enzyme is an omega-3 

fatty acid desaturase that was originally found in C. elegans. Mammalian cells do not 

contain this enzyme! This desaturase works by dehydrogenating omega-6 fatty acids to 

omega-3 fatty acids by adding a double bond at the third carbon from the methyl 

terminus [26]. Kang et al produced a transgenic mouse model that constitutively 

expresses the Fat-1 enzyme throughout the body of the animal. By optimizing the codon 

usage of the original C. elegans Fat-1 gene for mammalian use, Kang was able to 

microinject the gene into fertilized mouse eggs, creating a transgenic strain that has the 

ability to convert all omega-6 fatty acids into omega-3 fatty acids. The use of this mouse 

model has been documented in a variety of diseases, including cancer, airway allergies, 

and autoimmune disorders [51, 52, 54-65]. Additional Fat-1 transgene models have been 
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developed, including pigs, sheep, and cattle, in order to help infuse the diet with 

increased levels of omega-3 fatty acids [74-78]. 

Two studies have been published using the Fat-1 transgenic strain in the study of 

OA and PTA. Cai et al showed that when Fat-1 mice and WT littermates are fed a 

safflower-rich diet (10% kcal from fat), both groups exhibited idiopathic OA [85]. 

Although the Fat-1 mice exhibited a significantly lower omega-6/omega-3 ratio 

compared to their WT littermates, there were no significant differences between strains 

in the OA scores of each joint quadrant. Another study looked at the effect of the 

destabilization of the medial meniscus (DMM) surgery model, which is classified as a 

PTA model. Huang et al fed female Fat-1 and female WT mice a control diet and 

induced injury using the DMM model at 8 weeks of age [86]. Both 4 and 8 weeks after 

surgery, Fat-1 mice showed reduced Mankin scores and increased levels of omega-3 in 

the cartilage and serum compared to the WT mice. 

In this study, we hypothesized that obese Fat-1 mice will exhibit reduced PTA-

related joint degeneration compared to wild-type mice when fed a diet rich in omega-6 

fatty acids. The objective of this study was to show that Fat-1 obese mice are protected 

from PTA degeneration compared to WT mice. Histologic assessment of joint tissue was 

used to determine PTA severity, synovitis, and osteophyte formation, while biomarker 

and lipidomic analysis was done to determine levels of pro-inflammatory cytokines, 
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chemokines, fatty acids, and metabolites in both the joint space and systemic circulation 

in order to elucidate whether the Fat-1 transgene protects mice from PTA. 

3.2 Materials & Methods 

3.2.1 Experimental design 

Wild type (WT) and Fat-1 mice were bred and placed on either a control or an 

omega-6 rich high-fat diet. Mice underwent surgery at 16 weeks of age to destabilize the 

medial meniscus (DMM) in order to induce post-traumatic arthritis (PTA). Mice were 

sacrificed 12 weeks post-surgery, where limbs, serum, and synovial fluid were collected 

for analysis. Histology was performed to determine the severity of arthritis, synovitis, 

and osteophyte formation, while biomarker and lipidomic analysis was performed to 

assess the levels of fatty acids, cytokines, and metabolites in the serum and synovial 

fluid. All animal activities were performed using an IACUC-approved protocol. 

3.2.2 Study groups and nomenclature 

There were eight total experimental groups in this study. Four overall variables 

were examined: strain (WT versus Fat-1), sex (female [F] versus male [M]), diet (control 

[C] versus high-fat [HF]), and limb (left [experimental] versus right [control]). The eight 

main groups are as follows: F, WT, C; F, WT, HF; M, WT, C; M, WT, HF; F, Fat-1, C; F, 

Fat-1, HF; M, Fat-1, C; M, Fat-1, HF. 
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3.2.3 Animals & breeding 

C57BL/6-Fat-1 heterozygous breeding pairs were obtained from Massachusetts 

General Hospital from the laboratory of Dr. Jing X. Kang. Mice were bred until adequate 

numbers were reached for this study, with both female and male breeders being 

replaced over the course of the study due to age. Mice were weaned at 3 weeks, chipped, 

and genotyped via tail snip (≤5mm from the end). Transnetyx (Cordova, TN) performed 

all genotyping. Mice were separated by sex at week 3, and housed only with same-sex 

littermates. Strains were kept mixed according to occurrence within a litter while 

satisfying IACUC and Duke ACUC cage limit restrictions. The number of mice in each 

group is as follows: F, WT, C (n=12); F, WT, HF (n=13); M, WT, C (n=16); M, WT, HF 

(n=12); F, Fat-1, C (n=17); F, Fat-1, HF (n=16); M, Fat-1, C (n=13); M, Fat-1, HF (n=15). 

3.2.4 Weight tracking & diets 

Weights were measured starting at week 4. Diets were started at week 5, with 

assignment of diets performed as evenly as possible throughout the study based on the 

sex and strain of mice in each litter. Custom diets were supplied by Research Diets, Inc. 

(New Brunswick, NJ), and consisted of an omega-6 rich high-fat diet (60% kcal from fat) 

and its corresponding control diet (10% kcal from fat). The experimental diet 

(D11120105) contained 103.9g of omega-6, 4.2g of omega-3, and an omega-6/omega-3 
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ratio of 24.7. The control diet (D11120103) contained 21g of omega-6, 2.2g of omega-3, 

and an omega-6/omega-3 ratio of 9.7. All diets were kept at -20°C until use. 

3.2.5 Longitudinal collection of serum 

Maxillary vein sticks from each mouse were collected at weeks 8, 12, 18, 22, and 

26. Blood collections were performed by a trained veterinary technician using a sterile 

lancet and collection tubes with ~100uL of blood collected per stick. No more than 10% 

of blood volume (10% of the body weight of the mouse) was collected from each animal. 

Blood was spun down, aliquoted, and stored at -80°C until analysis. 

3.2.6 DEXA scanning of mice 

Body fat percentage and bone mineral density of mice were obtained using a 

dual-energy x-ray absorptiometry (DEXA) scanner (GE Lunar PIXImus, GE Healthcare, 

Madison, WI, USA) at weeks 10, 14, and 28. The DEXA machine was calibrated for bone 

mineral density and percent fat prior to scanning.  Mice were anesthetized using 

isoflurane, placed ventral side down to capture the entire body and tail, and scanned. 

Data was analyzed using the PIXImus2 software. The head region was excluded from all 

analysis. Final values included the body bone mineral density (BMD) and the percent fat 

(fat content/total tissue mass). 
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3.2.7 Destabilization of the medial meniscus (DMM) model 

At 16 weeks of age, mice underwent DMM surgery in order to induce post-

traumatic arthritis in the left hind limb. The right hind limb served as a contralateral 

control limb within each mouse. Mice were anesthetized using isoflurane, and 

positioned on a custom cradle so that the knee is kept at 90° flexion during surgery. An 

incision through the joint is made, traveling through the medial third of the patellar 

tendon and the fat pad. The medial meniscotibial ligament is then sectioned using a #11 

blade, causing movement of the medial meniscus beyond its normal range. The joint 

capsule and subcutaneous skin layer were sutured using a continuous 8-0 suture 

(PolysorbTM, Covidien, Mansfield, MA, USA), and skin glue is used to close the skin. 

Buprenorphine was given post-surgery daily for 72 hours. 

3.2.8 Collection of materials at sacrifice 

Mice from each group were sacrificed 12 weeks post-surgery (28 weeks old). At 

the time of sacrifice, serum and synovial fluid from each limb were collected from each 

mouse and stored for use in biomarker analysis as described previously [90]. Both hind 

limbs from each mouse were harvested and fixed at 90° flexion in 10% neutral buffered 

formalin for 48 hours, then transferred to 70% ethanol.  
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3.2.9 Histological processing of limbs 

Hind limbs were prepared for histology. Decalcification of the limbs was done 

using Cal-Ex Decalcification Solution (Fisher Scientific, Pittsburgh, PA) for 5 days. Limbs 

were then dehydrated, infiltrated, and paraffin-embedded using the Leica ASP300S 

Tissue Processor (Leica Microsystems, Buffalo Grove, IL). Serial coronal plane sections of 

8μm were taken through each join for assessment of articular cartilage degeneration, 

synovitis, and osteophyte formation. 

3.2.10 Articular cartilage assessment 

Slides were stained with Harris Hematoxylin, Fast Green (aqueous), and 

Safranin-O in order to assess articular cartilage degeneration. A modified Mankin score 

[91, 92] was used by four blinded graders to determine osteoarthritis severity for each 

quadrant (lateral femoral condyle, lateral tibial plateau, medial femoral condyle, medial 

tibial plateau). Joint quadrant scores were then tabulated and averaged between graders 

to get an overall total joint score of articular cartilage degeneration for each limb. 

3.2.11 Synovial inflammation assessment 

Slides were stained with Harris Hematoxylin and Eosin in order to assess the 

level of synovitis. A modified Krenn score [13, 93] was used by four blinded graders to 

determine synovitis severity for each quadrant (lateral femoral condyle, lateral tibial 

plateau, medial femoral condyle, medial tibial plateau). Joint quadrant scores were then 
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tabulated and averaged between graders to get an overall total joint score of synovitis 

for each limb. 

3.2.12 Osteophyte assessment 

Slides were stained with Harris Hematoxylin, Fast Green (aqueous), and 

Safranin-O in order to assess osteophyte development. A modified quantitative score 

[94] was used by four blinded graders to determine the class of osteophyte present for 

each quadrant (lateral femoral condyle, lateral tibial plateau, medial femoral condyle, 

medial tibial plateau). Osteophytes were graded under a 100x magnification. Scale was 

as follows: grade 0-origin (normal surface), grade 1-early chondrophyte (fibrous 

outgrowths), grade 2-fibrocartilage/chondrophytes (fibrous/cartilaginous tissue; no 

hypertrophic chondrocytes or bone formation present), grade 3-early osteophyte (zonal 

pattern of chondrocytes with columnar alignment; deepest cells show hypertrophy), 

grade 4-mature osteophyte (ossification; tissue resembles articular cartilage; 

hypertrophic chondrocytes; no clear tidemark). Joint quadrant scores were then 

tabulated and averaged between graders to get an overall total joint score of osteophyte 

development for each limb. 

3.2.13 Serum & synovial fluid biomarker assays 

Serial serum fluid was collected at 8, 12, 18, 22, and 26 weeks of age, while serum 

and synovial fluid was collected at sacrifice (28 weeks) for use in biomarker analysis. 
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WT mice served as a serum control group, while the contralateral control limb served as 

an intra-mouse control group.  

The Mouse Metabolic Kit (Meso Scale Diagnostics, Rockville, MD), the Mouse 

Adiponectin Kit (Meso Scale Diagnostics, Rockville, MD), and the Mouse IL-17 Kit 

(Meso Scale Diagnostics, Rockville, MD) were used to analyze serial serum collections 

from 8 weeks to sacrifice. The Mouse Metabolic Kit measures both insulin and leptin, 

while the other two kits measure adiponectin and IL-17, respectively. For the Mouse 

Metabolic Kit, the samples were run undiluted using 10uL as directed by the 

manufacturer. For this kit, the reported mean intra- and inter-assay coefficients of 

variation of the leptin assay were 3.9% and 10.9% (2.3% excluding the 0 standard); the 

minimum detectable dose was reported to be 43pg/mL. For the insulin, the reported 

mean intra- and inter-assay coefficients of variation were 4.2% and 8.4% (1.7% excluding 

the 0 standard), and the minimum detectable dose was reported to be 15pg/mL. For the 

Mouse Adiponectin Kit, samples were run diluted 1:1000 using 5uL as directed by the 

manufacturer. For this kit, the reported intra- and inter-assay coefficients of variation for 

adiponectin were 3.8% and 20.2% (3.3% excluding the 0 standard); the minimum 

detectable dose was reported to be 0.04ng/mL. For the Mouse IL-17 kit, the samples were 

run diluted at 1:2 if volume was limited, or undiluted if 25uL of volume was present as 

directed by the manufacturer. For this kit, the intra- and inter-assay coefficients of 
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variation for IL-17 were 5.7% and 7.0% (2.7% excluding the 0 standard), and the 

minimum detectable dose was reported to be 5.5pg/mL.  

The Mouse Pro-Inflammatory Panel 1 Kit (Meso Scale Diagnostics, Rockville, 

MD) measures 10 cytokines, including interferon-gamma (IFN-γ), interleukin-1 beta (IL-

1β), IL-2, IL-4, IL-5, IL-6, IL-8/keratinocyte-derived protein chemokine (KC), IL-10, IL-

12p70, and tumor necrosis factor alpha (TNF-α). This panel was used to measure serum 

and synovial fluid levels at sacrifice. All samples were run at a dilution of 1:2 as directed 

by the manufacturer, and required 25uL for the assay. The mean intra-assay CV within a 

plate and inter-assay CV between plates were calculated and appear in Table 1 below.  
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Table 1: ELISA coefficient of variation (CV) values for biomarker assays.  

Analyte 

Mean 

Intra-assay 

CV 

(within-

plate) 

Based on 

STDs 

Reported 

Intra-assay CV 

(within plate) 

Based on STDs 

Reported 

Intra-assay 

CV (within 

plate) 

Based on 

control 

samples 

Mean Inter-

assay CV 

(between 

plates)  

Based on 

STDs 

Excluding 

zero 

Reported 

Inter-assay 

CV 

(between 

plates) 

IFN-γ 5.1% 6.3% 3.0% 1.6% 11% 

IL-1β 4.9% 6.1% 2.4% 2.8% 10.5% 

IL-2 6.8% 7.0% 2.7% 3.4% 10.5% 

IL-4 5.2% 6.4% 2.7% 2.4% 10% 

IL-5 4.6% 7.1% 2.7% 1.7% 14.5% 

IL-6 5.2% 5.2% 2.5% 3.9% 10.7% 

KC/IL-8 6.1% 6.9% 2.3% 3.0% 10.3% 

IL-10 6.1% 8.6% 4.1% 5.4% 10.3% 

IL-12p70 8.6% 7.3% 2.1% 10.2% 11.8% 

TNF-α 3.2% 6.5% 2.5% 6.2% 11.6% 

 

The minimum detectable doses for each analyte was reported and appears in Table 2 

below. 
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Table 2: ELISA lower limit of detection (LLOD) for biomarker assays. 

Analyte 

Mean LLOD 

Actual 

(pg/ml) 

Median LLOD 

Reported 

(pg/ml) 

Median Endogenous 

Normal Serum Levels 

[range] 

IFN-γ 0.049 pg/ml 0.04 0.95 pg/ml [0.34-28.7] 

IL-1β 0.129 pg/ml 0.11 2.27 pg/ml [1.13-3.95] 

IL-2 0.336 pg/ml 0.22 1.02 pg/ml [0.55-3.98] 

IL-4 0.161 pg/ml 0.14 0.43 pg/ml [0.23-1.10] 

IL-5 0.063 pg/ml 0.07 2.72 pg/ml [0.58-6.52] 

IL-6 0.842 pg/ml 0.61 21.6 pg/ml [5.28-111] 

KC/IL-8 0.300 pg/ml 0.24 48.3 pg/ml [28.7-102] 

IL-10 0.755 pg/ml 0.95 11.0 pg/ml [5.71-45.4] 

IL-12p70 16.46 pg/ml 9.95 81.0 pg/ml [64.8-97.1] 

TNF-α 0.125 pg/ml 0.13 12.0 pg/ml [8.23-34.4] 

3.2.14 Lipidomics assays 

Serum samples were sent to Metabolon and assayed using the Fatty Acid 

Metabolism Panel. 33 different targets were measured, including 7 saturated fatty acids, 

21 unsaturated fatty acids, and 5 additional phospholipid-derived fatty acids. To obtain 

ratios, all omega-6 fatty acids were summed, as were all the omega-3 fatty acids. The 

concentration of omega-6 fatty acids for each mouse was then divided by the 

concentration of omega-3 fatty acids to obtain an omega-6/omega-3 ratio. 

3.2.15 Statistical analysis 

All results were analyzed using STATISTICA (v.13, Dell Inc., Tulsa, OK) with 

significance reported at the 95% confidence level. Data was examined using repeated 

measures in order to observe differences between the control and experimental limb, 
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along with the reduction of PTA development between sex, strain, and diet. Parametric 

analysis was performed on data that was normally distributed; otherwise, non-

parametric analysis was used. 

For the Mankin, synovitis, and osteophyte scores, as well as the lipidomics and 

biomarker data, non-parametric analysis was performed. A Wilcoxon matched pairs test 

was used to report significance between the control and experimental limb, and a 

Kruskal-Wallis ANOVA was used to compare individual groups against each other 

using sex, strain, and diet as grouping variables. 

For the longitudinal serum samples, bone mineral density, body fat percentage, 

and weight, parametric analysis was used. A repeated measures ANOVA was used to 

determine significance between time, and a Fisher LSD post-hoc test was used to 

compare individual groups against each other using sex, strain, and diet as grouping 

variables. 

For the correlations between histology, biomarkers, and lipidomics, a Spearman 

rank order was used, with Spearman R and p-values reported. 
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3.3 Results 

3.3.1 Histologic Outcome Measures 

3.3.1.1 Articular cartilage assessment of joints showed that the Fat-1 enzyme mitigated 

articular cartilage degeneration in male mice on both control and high-fat diets, but 

only mitigated degeneration in female Fat-1 mice on the control diet. 

Histologic sections of joint tissue were used to quantify the degeneration of 

articular cartilage using the modified Mankin score of the contralateral control limb and 

the experimental limb from each mouse, which is shown in Figure 1. In the male mice 

(Figure 1A, 1B), wild-type (WT) mice on the control diet had a significantly higher 

Mankin score on the experimental limb compared to the contralateral limb (p=0.0044); 

for the WT mice on the high-fat diet, there was a trend in increased Mankin scores on the 

experimental limb (p=0.0796). For both Fat-1 groups, there was no significant difference 

in Mankin scores between the experimental limb and the contralateral control limb, 

indicating an attenuation of arthritis development after injury (control diet p=0.208, 

high-fat diet p=0.237). In addition, WT mice on the control diet had a significantly higher 

Mankin score in the injured limb compared to Fat-1 mice on the control diet (p=0.003), 

indicating the protective effect of omega-3 on arthritis development. For the female mice 

(Figure 1A, 1C), the WT mice on the control diet showed a trend towards increased 

Mankin scores in the experimental limb compared to the contralateral control limb 

(p=0.0844), while the WT mice on the high-fat diet showed a significant increase in 

Mankin score in the experimental limb compared to the control limb (p=0.0109). The Fat-
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1 female mice on the control diet showed no significant difference between limbs 

(p=0.121); however, the Fat-1 mice on the high-fat diet showed a significant difference in 

Mankin scores between the experimental and the contralateral control limb (p=0.005). 

However, there is a trend towards a decrease in the injured limb of the female Fat-1 mice 

in the high-fat diet group compared to the female WT mice (p=0.05), suggesting that 

even though there was no protective effect as indicated by significance between limbs, 

the Fat-1 enzyme and the high-fat diet together were able to lower the overall Mankin 

scores of the experimental limb. This same phenomenon is also present in the male Fat-1 

mice on the high-fat diet. 
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Figure 1: Assessment of joints for articular cartilage degeneration. (A) Representative 

histologic pictures of articular cartilage on the medial side for each group with Safranin-O/Fast 

Green staining at 12 weeks post-surgery. Scale bar indicates 200µm. (B) Modified Mankin total 

joint score of the experimental and contralateral control limb in male mice. P values in boxes 

indicate between limb measures with Wilcoxon Matched Pairs test. P values below boxplots 

indicate group differences by Kruskal-Wallis ANOVA. Median values and 25th-75th quartile range 

reported (n=10-19 per group). (C) Modified Mankin total joint score of the experimental and 

contralateral control limb in female mice. P values in boxes indicate between limb measures with 

Wilcoxon Matched Pairs test. P values below boxplots indicate group differences by Kruskal-

Wallis ANOVA. Median values and 25th-75th quartile range reported (n=7-11 per group).  
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3.3.1.2 Synovial inflammation assessment of joints showed that the Fat-1 enzyme did 

not protect the total joint from synovitis in either sex, but conferred protection in 

female mice on the lateral side. 

Histologic sections of joint tissue were used to quantify synovial inflammation 

using the modified Krenn score of the contralateral control limb and the experimental 

limb from each mouse, which is shown in Figure 2. Using the total joint score, male WT 

mice on both the control and high-fat diets had significantly higher synovitis scores on 

the experimental limb compared to the control limb (control diet p=0.0015, high-fat diet 

p=0.0121). The same result was observed for the female WT mice (control diet p=0.0033, 

high-fat diet p=0.0042). In the Fat-1 mice, the control diet still resulted in a significant 

increase in synovitis score in the experimental limb compared to the control limb (male 

p=0.0131, female p=0.0019), but both experimental limb scores were lower compared to 

the WT control diet experimental limb scores. For the high-fat diet, the same synovitis 

score trend was observed (male p=0.0017, female p=0.0332), with the exception that the 

male Fat-1 mice had a higher experimental limb score compared to the WT high-fat diet 

male mice, but the female Fat-1 mice had a lower score compared to the WT high-fat diet 

female experimental limb. This exemplifies the same protective effect that was seen in 

the Mankin scores, where there is a lowering of the paired score, but not a relief in the 

inflammation. 
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Examining the synovitis scores by side—lateral side versus medial side—shows 

that there is a significant difference between all the experimental limbs and the control 

limbs in all the groups on the medial side (Figure 2A, 2B, 2C). This is expected due to the 

injury being on the medial side. However, on the lateral side, the male mice on the 

control diet were protected from synovitis (WT p=0.423, Fat-1 p=0.152). The WT male 

mice on the high-fat diet were also trending towards protection from synovitis 

(p=0.0546), while the Fat-1 mice on the high-fat diet had significantly higher synovitis 

scores on the experimental limb side compared to the control limb (p=0.0231). For the 

female WT mice, neither diet conferred protection from synovitis (control diet p=0.0186, 

high-fat diet p=0.0076), but both diets protected the Fat-1 mice from synovitis (control 

diet p=0.407, high-fat diet p=0.293). The Fat-1 enzyme protects the female mice from 

synovitis on the lateral side, while the control diet protects male mice from synovitis. 
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Figure 2: Assessment of joints for synovial inflammation. Modified Krenn total joint 

score of the experimental limb and the contralateral control limb in (A) male mice and (B) female 

mice on the lateral side. Reported p values between control and experimental limb using 

Wilcoxon Matched Pairs test. Mean ± standard deviation reported (n=12-17 per group). (C) 

Representative histologic pictures of synovium on the lateral side for each group with 

Hematoxylin/Eosin staining at 12 weeks post-surgery. Scale bar indicates 200µm. 

 



 

38 

 

3.3.1.3 Osteophyte development in joints showed that the Fat-1 enzyme did not 

protect the total joint from osteophyte development, but protected Fat-1 mice on a 

high-fat diet on the lateral side. 

Histologic sections of joint tissue were used to quantify osteophyte development 

using a modified quantitative score of the contralateral control limb and the 

experimental limb from each mouse, shown in Figure 3. Using the total joint score, WT 

mice had significantly higher osteophyte scores on the experimental limb versus the 

control limb (male, control diet p=0.0022; male, high-fat diet p=0.0077; female, control 

diet p=0.0022; female, high-fat diet p=0.0034). Fat-1 female mice also had significantly 

higher osteophyte scores on the experimental limb (control diet p=0.001, high-fat diet 

p=0.001), as did Fat-1 male mice on a high-fat diet (p=0.0367). However, there was a 

trend in increased osteophyte scores in Fat-1 male mice on the control diet (p=0.0528). 

Examining the lateral and medial side osteophyte scores (Figure 3A, 3B, 3C), 

there were significant differences between experimental and control limb in every group 

on the medial side (Figure 3B). This is expected due to the injury being on the medial 

side. On the lateral side (Figure 3A, 3C), there was a significant difference in the 

osteophyte score between limbs in the WT mice on the high-fat diet (male p=0.0249, 

female p=0.006) and the Fat-1 female mice on a control diet (p=0.0057). There was a trend 

towards increased osteophyte scores in the experimental limb in the Fat-1 male mice on 

a control diet (p=0.0684) and the WT female mice on a control diet (p=0.0935). The WT 
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male mice on a control diet were protected from significant osteophyte formation 

(p=0.756). However, the Fat-1 mice on a high-fat diet were protected from osteophyte 

development on the lateral side (male p=0.530, female p=0.142), showing that the Fat-1 

enzyme in combination with the high-fat diet was able to protect mice from disease 

symptom development.
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Figure 3: Assessment of joints for osteophyte formation. Quantitative osteophyte class 

total joint score of the experimental limb and the contralateral control limb in (A) male mice and 

(B) female mice on the lateral side. Reported p values between control and experimental limb 

using Wilcoxon Matched Pairs test. Mean ± standard deviation reported (n=12-17 per group). (C) 

Representative histologic pictures of articular cartilage on the lateral side for each group with 

Safranin-O/Fast Green staining at 12 weeks post-surgery. Scale bar indicates 500µm. 
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3.3.2 Serial Body Outcome Measures 

3.3.2.1 Body weight tracking from week 4 to sacrifice showed a significant interaction 

between time, sex, and diet and time, strain, and diet, but not all four variables. 

Mice were weighed weekly from week 4 to week 28 (sacrifice), shown in Figure 

4. The interaction term between time, sex, and diet was significant (p=0.00), as was the 

interaction term between time, strain, diet (p=0.0012). When comparing diets, male mice 

(Figure 4A) showed a significant increase in weight gain on the high-fat diet compared 

to the control diet at weeks 4 (p=0.009), 8 (p=0.017), 10 (p=0.0033), and weeks 11-28 

(p=0.00 for all). Female mice (Figure 4B) showed a significant increase in weight gain on 

the high-fat diet compared to the control diet at weeks 11 (p=0.0023), 12 (p=0.0063), 13 

(p=0.0056), 14 (p=0.0025), 15 (p=0.0083), 16 (p=0.0018), 17 (p=0.0012), and 18-28 (p=0.00 for 

all). Comparing gender, male Fat-1 mice had significantly higher weight gain compared 

to female mice at weeks 4 (p=0.025), 7 (p=0.066), 8 (p=0.01), 9 (p=0.00064), 10 (p=0.00012), 

and weeks 11-28 (p=0.00 for all). Male WT mice had significantly higher weight gain 

compared to female mice at weeks 4 (p=0.071), 11 (p=0.029), 12 (p=0.0079), 13 (p=0.0009), 

and weeks 14-28 (p=0.00 for all). 
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Figure 4: Body weight tracking of mice from week 4 to sacrifice (week 28). (A) Male 

mice were weighed weekly to determine body weight throughout the study. * denotes p<0.05 

between control and high-fat diets using Fisher LSD post-hoc test. Mean ± standard deviation 

reported (n=7-16 per group). (B) Female mice were weighed weekly to determine body weight 

throughout the study. * denotes p<0.05 between control and high-fat diets using Fisher LSD post-

hoc test. Mean ± standard deviation reported (n=7-17 per group). 
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3.3.2.2 Whole body bone mineral density analysis showed a significant interaction 

between time and sex, but not strain or diet. 

The dual-energy x-ray absorptiometry (DEXA) scanner was used to obtain whole 

body bone mineral density (BMD) measures, shown in Figure 5. The interaction term 

between time and sex was significant (p=0.000009). For male mice (Figure 5A), there was 

a significant increase in BMD from week 10 to week 14 (p=0.0007, but a significant 

decrease in BMD from week 14 to week 28 (p=0.0245). For female mice (Figure 5B), there 

was a significant increase in BMD from week 10 to week 14 (p=0.0038), from week 14 to 

week 28 (p=0.0001), and from week 10 to week 28 (p=0.00). Between sexes, there was a 

trend towards an increase in BMD in female mice compared to male mice at week 10 

(p=0.0567) and a significant increase in BMD in female mice compared to male mice at 

weeks 14 (p=0.0205) and 28 (p=0.0067). 
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Figure 5: Whole body bone mineral density (BMD) measures at weeks 10, 14, and 

sacrifice (week 28). (A) Male mice were scanned using the DEXA to determine whole body BMD 

measurements. * denotes p<0.05 between time using Fisher LSD post-hoc test. Mean ± standard 

deviation reported (n=12-16 per group). (B) Female mice were scanned using the DEXA to 

determine whole body BMD measurements. * denotes p<0.05 between time using Fisher LSD 

post-hoc test. Mean ± standard deviation reported (n=12-16 per group). 
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3.3.2.3 Whole body percent fat analysis showed a significant interaction between time, 

sex, and diet, but not strain. 

The DEXA scanner was also used to obtain whole body percent fat measures, 

shown in Figure 6. The interaction term between time, sex, and diet was significant 

(p=0.009). For both male (Figure 6A) and female (Figure 6B) mice, there was a significant 

increase in percent fat on the high-fat diet compared to the control diet at weeks 10 

(male p=0.0002, female p=0.02), 14 (male p=0.00, female p=0.0006), and 28 (male p=0.00, 

female p=0.00). Between sexes, female mice on the control diet had a significantly lower 

percent fat compared to male mice at week 28 (p=0.0022), and female mice on the high-

fat diet had significantly lower percent fat compared to male mice at weeks 10 

(p=0.0075), 14 (p=0.00), and 28 (p=0.018). 
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Figure 6: Whole body percent body fat measures at weeks 10, 14, and sacrifice (week 

28). (A) Male mice were scanned using the DEXA to determine whole body percent body fat 

measurements. * denotes p<0.05 between diets using Fisher LSD post-hoc test. Mean ± standard 

deviation reported (n=12-16 per group). (B) Female mice were scanned using the DEXA to 

determine whole body percent body fat measurements. * denotes p<0.05 between diets using 

Fisher LSD post-hoc test. Mean ± standard deviation reported (n=12-16 per group). 
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3.3.3 Fatty Acid Outcome Measures 

3.3.3.1 Fatty acid metabolism serum analysis showed that Fat-1 mice had significantly 

lower omega-6 to omega-3 ratios compared to WT mice. 

Serum samples were analyzed by Metabolon using the Fatty Acid Metabolism 

Panel, which are shown in Figure 7. The omega-6/omega-3 ratio for each mouse was 

calculated and averaged for each group. For the control diet, the Fat-1 strain had a 

significantly lower omega-6/omega-3 ratio compared to the WT mice for both sexes 

(male p=0.001, female p=0.00019). For the high-fat diet, the Fat-1 strain had a significantly 

lower omega-6/omega-3 ratio compared to the WT mice for both sexes (male p=0.00008, 

female p=0.0097). This confirms that the Fat-1 enzyme was converting omega-6 fatty 

acids to omega-3 fatty acids in the Fat-1 transgenic mice. 

 Figure 7: Serum lipidomics analysis of mice at sacrifice. Serum samples from mice were 

analyzed for omega-3 and omega-6 fatty acid content. Ratio between omega-6/omega-3 fatty 

acids reported. * denotes p<0.05 between groups using Kruskal-Wallis ANOVA test. Mean ± 

standard deviation reported (n=11-16 per group). 
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3.3.4 Serial Biomarker Outcome Measures 

3.3.4.1 Serial analysis of insulin showed a significant interaction term between time, 

sex, strain, and diet. 

Metabolic ELISA kits were run on serial blood draws were taken at weeks 8, 12, 

18, 22, 26, and 28 from mice. For insulin, the interaction term between time, sex, strain, 

and diet was significant (p=0.0447). When comparing diet, Fat-1 male mice (Figure 8A) 

had significantly increased insulin levels on the high-fat diet compared to the control 

diet at weeks 18, 22, and 26 (p=0.00 for all), and WT male mice also had significantly 

increased insulin levels on the high-fat diet at weeks 18, 22, and 26 (p=0.00002, p=0.00, 

p=0.00). For female mice (Figure 8B), neither the Fat-1 nor the WT mice had any 

significant differences in insulin levels when comparing diets. Comparing strains, the 

male mice on the high-fat diet showed significantly higher insulin levels at weeks 22 

(p=0.0052) and 26 (p=0.00001) compared to the control diet. The male mice on the control 

diet and female mice on either diet did not show any significant differences in insulin 

levels. When comparing sexes, neither sex of Fat-1 mice showed significant differences; 

however, the male Fat-1 mice on the high-fat diet had significantly higher insulin levels 

compared to female Fat-1 mice at weeks 12 (p=0.036), 18 (p=0.00), 22 (p=0.00), 26 (p=0.00), 

and trended towards increased insulin levels at week 28 (p=0.098). On the control diet, 

male WT mice had significantly higher insulin levels compared to female WT mice at 

weeks 18, 22, 26 (p=0.00 for all). 
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Figure 8: Longitudinal serum insulin analysis in mice from week 8 to sacrifice (week 

28). (A) Serial serum insulin levels in male mice were analyzed via ELISA. * denotes p<0.05 

between diets in Fat-1 mice using Fisher LSD post-hoc test. ^ denotes p<0.05 between diets in WT 

mice using Fisher LSD post-hoc test. Mean ± standard deviation reported (n=11-16 per group). (B) 

Serial serum insulin levels in female mice were analyzed via ELISA. Mean ± standard deviation 

reported (n=11-16 per group). 

 



 

50 

 

3.3.4.2 Serial analysis of leptin showed a significant interaction between time, sex, 

and diet and time, sex, and strain, but not all four variables. 

Metabolic ELISA kits were run on serial blood draws were taken at weeks 8, 12, 

18, 22, 26, and 28 from mice. For leptin, the interaction term between time, sex, and diet 

was significant (p=0.0003) and the interaction term between time, sex, and strain was 

significant (p=0.048). Looking at the former first, comparing diets, male mice (Figure 9A) 

on the high-fat diet had significantly higher leptin levels compared to the control diet at 

weeks 12 (p=0.00005), 18 (p=0.00), 22 (p=0.00), 26 (p=0.00), and 28 (p=0.00). Female mice 

(Figure 9B) on the high-fat diet had significantly higher leptin levels compared to the 

control diet at weeks 18 (p=0.041), 22 (p=0.000001), 26 (p=0.00) and 28 (p=0.00). When 

comparing diets, there were no significant difference between male and female leptin 

levels on the control diet as a function of time. However, on the high-fat diet, male mice 

had significantly higher leptin levels at weeks 12 (p=0.0004), 18 (p=0.00), and 22 (p=0.002). 

Next, looking at the interaction between time, sex, and strain, there were no significant 

differences between strain in the male mice as a function of time. However, in the female 

mice, the WT strain had significantly higher leptin levels compared to Fat-1 mice at 

weeks 26 (p=0.0202) and 28 (p=0.014). When comparing sex, WT male mice had 

significantly higher leptin levels than female WT mice at week 18 (p=0.007). Fat-1 male 

mice had significantly higher leptin levels than female WT mice at weeks 12 (p=0.013), 18 

(p=0.007), 22 (p=0.0008), 26 (p=0.006), and 28 (p=0.012). 
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Figure 9: Longitudinal serum leptin analysis in mice from week 8 to sacrifice (week 

28). (A) Serial serum leptin levels in male mice were analyzed via ELISA. * denotes p<0.05 

between diets using Fisher LSD post-hoc test. Mean ± standard deviation reported (n=11-16 per 

group). (B) Serial serum leptin levels in female mice were analyzed via ELISA. * denotes p<0.05 

between diets using Fisher LSD post-hoc test. ^ denotes p<0.05 between strains using Fisher LSD 

post-hoc test. Mean ± standard deviation reported (n=11-16 per group). 
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3.3.4.3 Serial analysis of adiponectin showed a significant interaction between time, 

sex, and diet, but not strain. 

Metabolic ELISA kits were run on serial blood draws were taken at weeks 8, 12, 

18, 22, 26, and 28 from mice. For adiponectin, the interaction term between time, sex, and 

diet was significant (p=0.0001). When comparing diet, male mice (Figure 10A) on the 

high-fat diet had significantly lower levels of adiponectin compared to male mice on the 

control diet at weeks 8 (p=0.09) and 26 (p=0.025). Female mice (Figure 10B) on the high-

fat diet had significantly lower levels of adiponectin compared to female mice on the 

control diet at weeks 8 (p=0.024) and 12 (p=0.0097). When comparing sex, female mice on 

the control diet had significantly higher adiponectin levels compared to male mice at 

weeks 8 (p=0.0001), 12 (p=0.00002), 18 (p=0.00014), 22 (p=0.000004), 26 (p=0.00), and 28 

(p=0.00). On the high-fat diet, female mice again had significantly increased levels of 

adiponectin compared to male mice at weeks 8 (p=0.0009), 12 (p=0.0077), 18 (p=0.00), 22 

(p=0.00), 26 (p=0.00), and 28 (p=0.00). 
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Figure 10: Longitudinal serum adiponectin analysis in mice from week 8 to sacrifice 

(week 28). (A) Serial serum adiponectin levels in male mice were analyzed via ELISA. * denotes 

p<0.05 between diets using Fisher LSD post-hoc test. Mean ± standard deviation reported (n=11-

16 per group). (B) Serial serum adiponectin levels in female mice were analyzed via ELISA. * 

denotes p<0.05 between diets using Fisher LSD post-hoc test. Mean ± standard deviation reported 

(n=11-16 per group).  
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3.3.4.4 Serial analysis of IL-17 showed a significant interaction between time, sex, and 

diet and time, sex, and strain, but not all four variables. 

IL-17 ELISA kits were run on serial blood draws were taken at weeks 8, 12, 18, 

22, 26, and 28 from mice. The interaction term between time, sex, and diet was 

significant (p=0.00) as was the interaction term between time, sex, and strain (p=0.013). 

For the former, there were no significant differences between sex on the control diet; 

however, for the high-fat diet, female mice had significantly higher IL-17 levels 

compared to male mice (p=0.00). Comparing diets, male mice (Figure 11A) had 

significantly higher levels of IL-17 on the high-fat diet at weeks 8 (p=0.031), 12 (p=0.003), 

22 (p=0.012), and 26 (p=0.019).  Female mice (Figure 11B) had significantly higher levels 

of IL-17 on the high-fat diet compared to the control diet at weeks 12 (p=0.022), 22 

(p=0.00), and 26 (p=0.025), and trended towards increased levels at week 28 (p=0.099). 

Next, looking at the interaction term between time, sex, and strain, there were no 

significant differences between strains in the male mice as a function of time. For female 

mice, there was significantly higher levels of IL-17 in the WT mice compared to the Fat-1 

mice at week 22 (p=0.00). Comparing sex, there was significantly higher levels of IL-17 in 

the female Fat-1 mice compared to male mice at week 22 (p=0.005) and in female WT 

mice compared to male mice at week 22 (p=0.00). 
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Figure 11: Longitudinal serum IL-17 analysis in mice from week 8 to sacrifice (week 

28). (A) Serial serum IL-17 levels in male mice were analyzed via ELISA. * denotes p<0.05 

between diets using Fisher LSD post-hoc test. Mean ± standard deviation reported (n=11-16 per 

group). (B) Serial serum IL-17 levels in female mice were analyzed via ELISA. * denotes p<0.05 

between diets using Fisher LSD post-hoc test. ^ denotes p<0.05 between strains using Fisher LSD 

post-hoc test. Mean ± standard deviation reported (n=11-16 per group). 
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3.3.5 Serum Biomarker Outcome Measures 

3.3.5.1 Serum biomarker analysis showed significant within-group differences in 

levels of IFN-γ in female mice, but not male mice. 

Serum IFN-γ was analyzed using the Mouse Pro-Inflammatory 1 Kit (Figure 12).  

There was a significant increase in IFN-γ serum levels in the Fat-1 female mice on the 

high-fat diet compared to the WT female mice (p=0.036). There was a trend towards a 

decrease in IFN-γ levels in the Fat-1 female mice on the control diet compared to the WT 

female mice (p=0.078). When comparing diets, there was a significant decrease in IFN-γ 

levels in WT female mice on the high-fat diet compared to WT female mice on the 

control diet (p=0.0029). When comparing sex, there was a significant increase in IFN-γ 

levels in the female Fat-1 mice on the high-fat diet compared to male Fat-1 mice (p=0.036) 

and a significant increase in the IFN-γ levels in the female WT mice on the high-fat diet 

compared to male WT mice (p=0.0048). 
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3.3.5.2 Serum biomarker analysis showed increased levels of IL-10 in Fat-1 mice 

between diets. 

Serum IL-10 was analyzed using the Mouse Pro-Inflammatory 1 Kit (Figure 13). 

There was a trend towards increased levels of IL-10 in the Fat-1 female mice on the high-

fat diet compared to the WT female mice (p=0.054). There was also a trend towards 

increased levels of IL-10 in Fat-1 female mice on a high-fat diet compared to Fat-1 female 

mice on a control diet (p=0.052). However, in Fat-1 male mice, there was a significant 

increase in IL-10 levels in mice on the high-fat diet compared to the control diet 

(p=0.023). When comparing sex, there was a trend towards an increase in IL-10 levels in 

the Fat-1 female mice on a control diet compared to the Fat-1 male mice (p=0.052). 

Figure 12: Serum IFN-γ analysis in mice at sacrifice (week 28). Serum IFN-γ levels in 

mice were analyzed via ELISA. * denotes p<0.05 between strain or diet using Kruskal-Wallis 

ANOVA test. ^ denotes 0.05≤p<0.1 between strain using Kruskal-Wallis ANOVA test. Mean ± 

standard deviation reported (n=11-16 per group). 
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3.3.5.3 Serum biomarker analysis showed significant differences in levels of IL-12p70 

between Fat-1 male and female mice on a high-fat diet. 

Serum IL-12p70 was analyzed using the Mouse Pro-Inflammatory 1 Kit (Figure 

14). There was a trend towards increased levels of IL-12p70 in Fat-1 male mice on a high-

fat diet compared to WT male mice (p=0.075). However, there was a significant increase 

in levels of IL-12p70 in Fat-1 male mice on a high-fat diet compared to Fat-1 female mice 

(p=0.043). 

 

 

Figure 13: Serum IL-10 analysis in mice at sacrifice (week 28). Serum IL-10 levels in 

mice were analyzed via ELISA. * denotes p<0.05 between diet using Kruskal-Wallis ANOVA test. 

^ denotes 0.05≤p<0.1 between strain or diet using Kruskal-Wallis ANOVA test. Mean ± standard 

deviation reported (n=11-16 per group). 
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3.3.5.4 Serum biomarker analysis did not show significant differences in levels of IL-

1β or IL-2. 

Serum was analyzed using the Mouse Pro-Inflammatory 1 Kit. When comparing 

sex, strain, and diet, there were no significant differences or trends in levels of IL-1β or 

IL-2. 

3.3.5.5 Serum biomarker analysis showed a significant difference in IL-4 levels 

between female Fat-1 and WT mice on a high-fat diet. 

Serum IL-4 was analyzed using the Mouse Pro-Inflammatory 1 Kit (Figure 15). 

Fat-1 female mice on a high-fat diet had significantly higher levels of IL-4 compared to 

WT females (p=0.0066). When comparing diet, WT female mice on a high-fat diet had a 

Figure 14: Serum IL-12p70 analysis in mice at sacrifice (week 28). Serum IL-12p70 levels 

in mice were analyzed via ELISA. * denotes p<0.05 between diet using Kruskal-Wallis ANOVA 

test. ^ denotes 0.05≤p<0.1 between strain using Kruskal-Wallis ANOVA test. Mean ± standard 

deviation reported (n=11-16 per group). 
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trend towards a decrease in IL-4 levels compared to WT female mice on a control diet 

(p=0.087). Female Fat-1 mice had significantly higher levels of IL-4 compared to male 

Fat-1 mice on a high-fat diet (p=0.015) and a trend towards increased levels of IL-4 on a 

control diet (p=0.082). 

 

 

 

3.3.5.6 Serum biomarker analysis showed differences in levels of IL-5 between WT 

and Fat-1 mice on high-fat diets. 

Serum IL-5 was analyzed using the Mouse Pro-Inflammatory 1 Kit (Figure 16). 

Female Fat-1 mice on a high-fat diet had significantly increased levels of IL-5 compared 

to WT female mice (p=0.0057). Male Fat-1 mice had a trend towards increased levels of 

Figure 15: Serum IL-4 analysis in mice at sacrifice (week 28). Serum IL-4 levels in mice 

were analyzed via ELISA. * denotes p<0.05 between strain using Kruskal-Wallis ANOVA test. ^ 

denotes 0.05≤p<0.1 between diet using Kruskal-Wallis ANOVA test. Mean ± standard deviation 

reported (n=11-16 per group). 
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IL-5 compared to WT male mice (p=0.064). When comparing diets, WT female mice on a 

high-fat diet had significantly decreased levels of IL-5 compared to WT female mice on a 

control diet (p=0.046). Comparing sex, Fat-1 female mice had significantly increased 

levels of IL-5 compared to Fat-1 male mice (p=0.0002). WT female mice had significantly 

higher levels of IL-5 compared to WT male mice on a control diet (p=0.0018) and a trend 

towards increased levels of IL-5 compared to WT male mice on a high-fat diet (p=0.092). 

 

 

 

3.3.5.7 Serum biomarker analysis showed significant differences in levels of IL-6 

between male and female mice. 

Serum IL-6 was analyzed using the Mouse Pro-Inflammatory 1 Kit (Figure 17). 

There were no differences in the level of IL-6 when comparing diet or strain. When 

Figure 16: Serum IL-5 analysis in mice at sacrifice (week 28). Serum IL-5 levels in mice 

were analyzed via ELISA. * denotes p<0.05 between strain or diet using Kruskal-Wallis ANOVA 

test. ^ denotes 0.05≤p<0.1 between strain using Kruskal-Wallis ANOVA test. Mean ± standard 

deviation reported (n=11-16 per group). 
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comparing sex, Fat-1 male mice on a high-fat diet had significantly higher levels of IL-6 

compared to Fat-1 female mice (p=0.033), and WT male mice on a control diet had 

significantly higher levels of IL-6 compared to WT female mice (p=0.012). 

 

 

3.3.5.8 Serum biomarker analysis of IL-8 showed significant differences between diet 

and sex. 

Serum IL-8 was analyzed using the Mouse Pro-Inflammatory 1 Kit (Figure 18). 

There were no significant differences in IL-8 levels when comparing strains. However, 

comparing diets, Fat-1 male mice had significantly higher levels of IL-8 on the high-fat 

diet compared to the control (p=0.003) and the WT male mice had a trend towards 

increased levels of IL-8 on the high-fat diet compared to the control diet (p=0.057). When 

comparing sex, both Fat-1 male mice and WT male mice on a high-fat diet had 

Figure 17: Serum IL-6 analysis in mice at sacrifice (week 28). Serum IL-6 levels in mice 

were analyzed via ELISA. * denotes p<0.05 between sex using Kruskal-Wallis ANOVA test. Mean 

± standard deviation reported (n=11-16 per group). 
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significantly increased levels of IL-8 compared to Fat-1 female mice and WT female mice 

(Fat-1 p=0.0034, WT p=0.009). 

 

 

 

3.3.5.9 Serum biomarker analysis of TNF-α showed significant differences between 

diet and sex. 

Serum TNF-α was analyzed using the Mouse Pro-Inflammatory 1 Kit (Figure 19). 

There were no significant differences in TNF-α levels when comparing strain. However, 

when comparing diet, Fat-1 male mice on a high-fat diet had significantly higher levels 

of TNF-α compared to the control diet (p=0.0087). Female Fat-1 mice on a high-fat diet 

had a trend towards increased levels of TNF-α compared to the control diet (p=0.078). 

Figure 18: Serum IL-8 analysis in mice at sacrifice (week 28). Serum IL-8 levels in mice 

were analyzed via ELISA. * denotes p<0.05 between diet using Kruskal-Wallis ANOVA test. ^ 

denotes 0.05≤p<0.1 between diet using Kruskal-Wallis ANOVA test. Mean ± standard deviation 

reported (n=11-16 per group). 
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Comparing sex, there was a significant increase in levels of TNF-α in Fat-1 male mice on 

a high-fat diet compared to Fat-1 female mice (p=0.014) and a trend towards an increase 

in levels of TNF-α in WT male mice on a high-fat diet compared to WT female mice 

(p=0.057). 

 

 

 

3.3.6 Synovial Fluid Biomarker Outcome Measures 

3.3.6.1 Synovial fluid biomarker analysis of IFN-γ showed no differences. 

Synovial fluid was analyzed using the Mouse Pro-Inflammatory 1 Kit. When 

comparing limb, sex, strain, and diet, there were no significant differences or trends in 

levels of IFN-γ. 

Figure 19: Serum TNF-α analysis in mice at sacrifice (week 28). Serum TNF-α levels in 

mice were analyzed via ELISA. * denotes p<0.05 between diet using Kruskal-Wallis ANOVA test. 

^ denotes 0.05≤p<0.1 between diet using Kruskal-Wallis ANOVA test. Mean ± standard deviation 

reported (n=11-16 per group). 
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3.3.6.2 Synovial fluid biomarker analysis of IL-10 showed significant differences 

between limbs in WT male mice. 

Synovial fluid IL-10 was analyzed using the Mouse Pro-Inflammatory 1 Kit 

(Figure 20). WT male mice on a control diet showed a significant increase in IL-10 levels 

in the experimental limb compared to the contralateral control limb (p=0.02). When 

comparing sex, Fat-1 female mice on a control diet had significantly increased levels of 

IL-10 in the experimental limb compared to Fat-1 male mice (p=0.036). 

 

 

 

3.3.6.3 Synovial fluid biomarker analysis of IL-12p70 showed a trend towards 

differences in mice on the control diet. 

Synovial fluid IL-12p70 was analyzed using the Mouse Pro-Inflammatory 1 Kit 

(Figure 21). Fat-1 male mice on the control diet had a trend towards decreased IL-12p70 

Figure 20: Synovial fluid IL-10 analysis in mice at sacrifice (week 28). Synovial fluid IL-

10 levels in mice were analyzed via ELISA. * denotes p<0.05 between experimental and 

contralateral control limb using Wilcoxon Matched Pairs test. Mean ± standard deviation 

reported (n=11-16 per group). 
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levels in the experimental limb compared to the contralateral control limb (p=0.086). 

Female WT mice on the control diet had a trend towards an increase in IL-12p70 in the 

experimental limb compared to the control limb (p=0.066). 

 

 

 

3.3.6.4 Synovial fluid biomarker analysis of IL-1β showed a trend towards differences 

in the WT mice on a high-fat diet. 

Synovial fluid IL-1β was analyzed using the Mouse Pro-Inflammatory 1 Kit 

(Figure 22).  Male WT mice on a high-fat diet showed a trend towards decreased levels 

of IL-1β in the experimental limb compared to the contralateral control limb (p=0.066), 

while female WT mice on a high-fat diet showed a trend towards increased levels of IL-

1β in the experimental limb compared to the contralateral control limb (p=0.091). When 

Figure 21: Synovial fluid IL-12p70 analysis in mice at sacrifice (week 28). Synovial fluid 

IL-12p70 levels in mice were analyzed via ELISA. ^ denotes 0.05≤p<0.1 between experimental and 

contralateral control limb using Wilcoxon Matched Pairs test. Mean ± standard deviation 

reported (n=11-16 per group). 
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comparing sex, WT female mice on a high-fat diet have a trend towards higher levels of 

IL-1β in the experimental limb compared to WT male mice (p=0.064). When comparing 

diet, WT male mice on a control diet showed a trend towards an increase in IL-1β levels 

compared to WT male mice on a high-fat diet in the experimental limb (p=0.069).  

 

 

 

3.3.6.5 Synovial fluid analysis of IL-2 showed significant differences in WT mice on 

control diets and female WT mice on a high-fat diet. 

Synovial fluid IL-2 was analyzed using the Mouse Pro-Inflammatory 1 Kit 

(Figure 23). Female WT mice showed significant decreases in IL-2 levels in the 

experimental limb compared to the contralateral control limb on both a control (p=0.021) 

and a high-fat diet (p=0.038). Male WT mice showed significant increase in IL-2 levels in 

Figure 22: Synovial fluid IL-1β analysis in mice at sacrifice (week 28). Synovial fluid IL-

1β levels in mice were analyzed via ELISA. ^ denotes 0.05≤p<0.1 between experimental and 

contralateral control limb using Wilcoxon Matched Pairs test. Mean ± standard deviation 

reported (n=11-16 per group). 
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the experimental limb compared to the control limb on a control diet only (p=0.0006). 

When comparing sex, Fat-1 female mice on a high-fat diet had a trend towards increased 

levels of IL-2 in the experimental limb compared to Fat-1 male mice (p=0.089). However, 

WT female mice on a control diet had a trend towards decreased levels of IL-2 in the 

experimental limb compared to WT male mice (p=0.054). Comparing diet, WT male mice 

on a control diet had a significant increase in IL-2 levels in the experimental limb 

compared to WT male mice on a high-fat diet (p=0.035). Fat-1 female mice on a control 

diet had a trend towards lower levels of IL-2 in the experimental limb compared to Fat-1 

female mice on a high-fat diet (p=0.052). 

 

 

 

Figure 23: Synovial fluid IL-2 analysis in mice at sacrifice (week 28). Synovial fluid IL-2 

levels in mice were analyzed via ELISA. * denotes p<0.05 between experimental and contralateral 

control limb using Wilcoxon Matched Pairs test. Mean ± standard deviation reported (n=11-16 per 

group). 
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3.3.6.6 Synovial fluid analysis of IL-4 showed trends toward differences in male WT 

mice on a high-fat diet. 

Synovial fluid IL-4 was analyzed using the Mouse Pro-Inflammatory 1 Kit 

(Figure 24). Male WT mice on a high-fat diet had a trend towards a decrease in IL-4 

levels in the experimental limb compared to the contralateral control limb (p=0.092). 

Comparing sex, Fat-1 female mice on a control diet had a trend towards decreased levels 

of IL-4 compared to Fat-1 male mice (p=0.09). 

 

 

 

3.3.6.7 Synovial fluid analysis of IL-5 showed trends towards differences in male Fat-1 

mice on a control diet. 

Synovial fluid IL-5 was analyzed using the Mouse Pro-Inflammatory 1 Kit 

(Figure 25). Male Fat-1 mice on a control diet had a trend towards increased levels of IL-

Figure 24: Synovial fluid IL-4 analysis in mice at sacrifice (week 28). Synovial fluid IL-4 

levels in mice were analyzed via ELISA. ^ denotes 0.05≤p<0.1 between experimental and 

contralateral control limb using Wilcoxon Matched Pairs test. Mean ± standard deviation 

reported (n=11-16 per group). 
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5 in the experimental limb compared to the contralateral control limb (p=0.084). 

Comparing diet, male WT mice on a control diet show a trend towards increased levels 

of IL-5 in the experimental limb compared to male WT mice on a high-fat diet (p=0.054). 

 

 

 

3.3.6.8 Synovial fluid analysis of IL-6 showed significant differences in female WT 

mice on a high-fat diet and male WT mice on a control diet. 

Synovial fluid IL-6 was analyzed using the Mouse Pro-Inflammatory 1 Kit 

(Figure 26). Female WT mice on a high-fat diet showed a significant increase in IL-6 

levels in the experimental limb compared to the contralateral control limb (p=0.028). 

Male WT mice on a control diet showed a significant increase in IL-6 levels in the 

experimental limb compared to the control limb (p=0.027). 

Figure 25: Synovial fluid IL-5 analysis in mice at sacrifice (week 28). Synovial fluid IL-5 

levels in mice were analyzed via ELISA. ^ denotes 0.05≤p<0.1 between experimental and 

contralateral control limb using Wilcoxon Matched Pairs test. Mean ± standard deviation 

reported (n=11-16 per group). 
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3.3.6.9 Synovial fluid analysis of KC (mouse IL-8) showed significant differences in 

all groups. 

Synovial fluid IL-8 was analyzed using the Mouse Pro-Inflammatory 1 Kit 

(Figure 27). Male Fat-1 mice have significantly higher levels of IL-8 in the experimental 

limb compared to the contralateral control limb for both control (p=0.0058) and high-fat 

diet (p=0.0045). Female Fat-1 mice have significantly higher levels of IL-8 in the 

experimental limb compared to the control limb for both control (p=0.022) and high-fat 

diet (p=0.044). Male WT mice have significantly higher levels of IL-8 in the experimental 

limb compared to the control limb for both control (p=0.031) and high-fat diet (p=0.023). 

Figure 26: Synovial fluid IL-6 analysis in mice at sacrifice (week 28). Synovial fluid IL-6 

levels in mice were analyzed via ELISA. * denotes p<0.05 between experimental and contralateral 

control limb using Wilcoxon Matched Pairs test. Mean ± standard deviation reported (n=11-16 per 

group). 
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Female WT mice have significantly higher levels of IL-8 in the experimental limb 

compared to the control limb for both control (p=0.021) and high-fat diet (p=0.016). 

 

 

 

3.3.6.10 Synovial fluid analysis of TNF-α showed significant differences in female 

Fat-1 mice on a high-fat diet and male WT mice on a control diet. 

Synovial fluid TNF-α was analyzed using the Mouse Pro-Inflammatory 1 Kit 

(Figure 28). Female Fat-1 mice on a high-fat diet showed significantly higher levels of 

TNF-α in the experimental limb compared to the contralateral control limb (p=0.019). 

Male WT mice on a control diet showed significantly higher levels of TNF-α in the 

experimental limb compared to the control limb (p=0.0299). 

Figure 27: Synovial fluid IL-8 analysis in mice at sacrifice (week 28). Synovial fluid IL-8 

levels in mice were analyzed via ELISA. * denotes p<0.05 between experimental and contralateral 

control limb using Wilcoxon Matched Pairs test. Mean ± standard deviation reported (n=11-16 per 

group). 
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3.3.7 Correlations between histology, biomarkers, and lipidomics 

Spearman rank order correlations were run to determine relationships between 

histology, biomarkers, and lipidomics. For serum biomarkers, the total osteophyte score 

of the experimental limb positively correlated with the serum IL-12p70 levels (rs=0.227, 

p=0.022). IL-5 serum levels also negatively correlated with the total joint score of the 

experimental limb for both synovitis and Mankin (synovitis rs=-0.192, p=0.042; Mankin 

rs=-0.289, p=0.005). For synovial fluid biomarkers, the KC (mouse IL-8) levels of the 

experimental limb positively correlated with the total joint score of the experimental 

limb for both osteophyte and synovitis (osteophyte rs=0.211, p=0.034; synovitis rs=0.289, 

Figure 28: Synovial fluid TNF-α analysis in mice at sacrifice (week 28). Synovial fluid 

TNF-α levels in mice were analyzed via ELISA. * denotes p<0.05 between experimental and 

contralateral control limb using Wilcoxon Matched Pairs test. Mean ± standard deviation 

reported (n=11-16 per group). 
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p=0.002). For the lipidomics, the omega-6/omega-3 ratio positively correlated with serum 

IL-8 (rs=0.265, p=0.004), IL-10 (rs=0.215, p=0.022), and TNF-α (rs=0.199, p=0.034), and 

negatively correlated with serum IFN-γ (rs=-0.230, p=0.014). For histology, the 

osteophyte total joint score of the experimental limb positively correlated with the total 

joint score of the experimental limb for both synovitis and Mankin (synovitis rs=0.367, 

p=0.00016; Mankin rs=-0.517, p=0.00). The Mankin total joint score of the experimental 

limb also positively correlated with the synovitis total joint score of the experimental 

limb (rs=0.382, p=0.00016). 

3.4 Discussion and Conclusions 

This study showed that Fat-1 transgenic mice had reduced arthritic changes in 

the cartilage, reduced inflammation in the synovium, and reduced osteophyte formation 

following DMM surgery. In contrast, WT mice exhibited arthritic degeneration in the 

cartilage and synovium, as well as increased osteophyte scores. Fat-1 mice also had 

reduced omega-6/omega-3 ratios compared to WT mice. Observed differences in 

outcomes between sexes emphasized the need to study both sexes in the future. These 

findings demonstrate the potential therapeutic benefit of the Fat-1 enzyme in preventing 

PTA in both normal and obese patients. 

Male Fat-1 mice on both a control and high-fat diet showed reduced levels of 

articular cartilage degeneration, while female Fat-1 mice showed reduced levels of 
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degeneration on a control diet after DMM surgery. Other studies have shown similar 

results with the use of Fat-1 transgenic mice. Huang et al found that female Fat-1 mice 

on a control diet showed significantly lower Mankin scores both 4 and 8 weeks 

following DMM surgery compared to WT mice [86]. Wu et al observed that WT mice on 

an omega-3 rich diet that underwent DMM surgery had a reduction in articular cartilage 

degeneration compared to mice on a lard or omega-6 rich diet [27]. In a rheumatoid 

arthritis (RA) model, Woo et al found that Fat-1 mice on a high-fat diet (5% corn oil) had 

reduced cartilage degradation compared to WT mice [95]. Conversely, Cai et al found 

that male and female Fat-1 mice on a control diet did not show differences in articular 

cartilage degeneration in an idiopathic osteoarthritis model [85]. Although we saw a 

significant difference between experimental limb and contralateral control limb in 

female Fat-1 mice on a high-fat diet, the injured limb had a trend towards a decrease in 

Mankin score compared to WT mice. The lowering of the Mankin scores indicate that 

reducing the omega-6/omega-3 ratio may also lead to less severe disease progression.  

Fat-1 mice also showed a reduction of synovial inflammation after injury, but 

only on the lateral (non-injury) side. Both male and female Fat-1 mice on the control diet 

showed a significant reduction in synovitis, as well as female Fat-1 mice on the high-fat 

diet. Woo et al examined synovial inflammation in their RA study, and found that Fat-1 

mice exhibited a reduction in synovitis compared to WT mice [95]. In a DMM diet study, 
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Wu et al showed that mice on an omega-3 rich diet had a significant reduction in 

synovitis compared to mice on an omega-6 rich diet [27]. Baker et al found that high 

levels of arachidonic acid, an omega-6 fatty acid, was associated with higher levels of 

synovitis in a clinical knee OA study [96]. However, in their idiopathic OA study, Cai et 

al did not find any differences in synovial thickness or synovial extensions into the joint 

space between Fat-1 and WT mice [85]. Like with articular degeneration, the increase in 

omega-3 levels promotes an anti-inflammatory environment following injury, 

preventing the increase in synovial inflammation associated with PTA. 

Both male and female Fat-1 mice on a high-fat diet were protected from 

osteophyte development on the lateral (non-injury) side of the joint. Huang et al also 

found that Fat-1 mice had smaller osteophyte surface area and volume compared to WT 

mice [86]. Wu et al showed that mice on an omega-3 rich diet had less severe osteophyte 

formation compared to mice on a lard or omega-6 rich diet [27]. In idiopathic OA, Cai et 

al did not see a difference in osteophyte formation by strain [85]. As seen with the 

cartilage degeneration and synovial inflammation, a decrease in the omega-6/omega-3 

ratio allows for reduction of the pro-inflammatory environment, protecting the joint 

from degeneration and subsequent osteophyte formation. 

A reduction of the systemic ratio of omega-6/omega-3 was observed in the Fat-1 

mice compared to the WT mice in both sexes during this study, which attributed to the 
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protection against cartilage degeneration, synovial inflammation, and osteophyte 

formation. In the previously mentioned PTA, idiopathic OA, and RA Fat-1 studies, all 

three showed a reduction in the omega-6/omega-3 ratio in Fat-1 mice compared to the 

WT mice in the serum [85, 86, 95]. Rahman et al showed a significant lowering of the 

omega-6/omega-3 ratio in serum, as well as in liver and muscle tissue, while Li et al 

showed a significant lowering of the ratio in serum, liver tissue, and tail tissue [62, 80]. 

In his original paper, Kang et al introduced the Fat-1 transgenic mouse as a model for 

studying the effect of omega-3 fatty acids in a variety of disease models [50]. Since then, 

numerous studies have examined the role of omega-3 in airway allergies [61], immune 

response [53, 62-67], brain function [68-73], obesity and bone health [79-84], and cancer 

therapy—including reduction of tumor growth or prevention of cancer [51-60]. In this 

study, the reduction of omega-6 fatty acids and subsequent increase in omega-3 fatty 

acids led to a decrease in arthritic changes associated with PTA in Fat-1 mice, suggesting 

the utility of the Fat-1 enzyme and the increase in omega-3 levels as a therapeutic to 

prevent PTA. 

Biomarkers have been touted as a way to non-invasively track disease 

progression, including PTA [97-99]. We selected a pro-inflammatory panel and 

metabolic biomarkers based on results from previous diet and PTA injury studies [27, 

100]. Obesity-related biomarkers, such as leptin and insulin, have been examined in a 
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variety of diet studies. Wu et al found that leptin and insulin levels were elevated in 

mice on an omega-6 rich diet compared to those on an omega-3 diet, and that leptin had 

a positive association with OA based on bivariate models [27]. Collins et al found that 

leptin in both the serum and synovial fluid was elevated in rats on a high-fat diet 

compared to a low-fat diet in a ACL-transection PTA model [101]. In our study, serial 

leptin measures indicated a significant decrease in serum leptin levels in Fat-1 female 

mice at weeks 26 and 28 compared to WT controls. This follows results seen by Li et al, 

where Fat-1 mice on a high-fat diet had significantly lower levels of leptin compared to 

their WT controls [80]. Significant outcomes were also seen with pro-inflammatory 

cytokines, such as IL-5 and IL-8, in our study. Female Fat-1 mice on a high-fat diet had 

significantly higher levels of IL-5 in serum compared to WT mice. Female WT mice on a 

high-fat diet also had significantly lower levels of IL-5 in serum compared to WT mice 

on a control diet. The literature suggests that IL-5 serum levels decrease in the presence 

of omega-3 fatty acids [61, 102], but increase in the presence of obesity [103, 104] and 

arthritis, whether it is experimental, osteoarthritis, or idiopathic OA [105-107]. The 

interplay between disease progression and the omega-6/omega-3 ratio in our study 

suggests that injury plays a stronger role in IL-5 levels compared to omega-3 levels. In 

the case of IL-8, synovial fluid measurements showed a significant increase in IL-8 levels 

in the experimental limb compared to the contralateral control limb for all groups, 
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regardless of strain. In the serum, only male mice showed differences; Fat-1 male mice 

had significantly higher levels of IL-8 on a high-fat diet compared to Fat-1 mice on a 

control diet. Cytokine studies show that IL-8 levels increase with severity of OA [107-

109]. Griffin et al also showed an increase in IL-8 serum levels with mice fed a high-fat 

diet compared to mice on a control diet [110], and also showed that impaired leptin 

signaling caused an increase in IL-8 levels [110]. Clinically, obese patients had increased 

levels of IL-8 in the serum [111]. Bilal et al showed that Fat-1 mice had decreased levels 

of KC/IL-8 compared to WT controls. Again, there is a complex interplay between PTA 

and the therapeutic benefit of omega-3 fatty acids, which warrants further exploration. 

Although a number of the biomarkers analyzed did not show any significant 

differences, there were still some interesting correlations with the histology, biomarkers, 

and lipidomics data. The synovial fluid IL-8 levels positively correlated with the omega-

6/omega-3 ratio and the experimental limb for both synovitis and osteophyte scores. The 

IL-5 serum levels negatively correlated with the experimental limb for both synovitis 

and Mankin scores. Finally, the three histology outcomes—Mankin score, synovitis 

score, and osteophyte formation—all positively correlated with each other. These 

correlations show some of the relationships between the aforementioned cytokines and 

PTA disease progression, and provides potential additional therapeutic targets for the 

prevention of PTA. 
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Finally, it is important to note that we observed sex differences between male 

and female mice during this study. Given the 2015 NIH mandate and the prevalence of 

using only one sex in research studies, this study was conducted using both male and 

female mice. Sex differences were observed in the histology data; female mice had lower 

overall Mankin scores compared to males, which was also seen by Ma et al after DMM 

surgery [112]. Female Fat-1 mice also had a greater reduction in synovitis scores on the 

lateral side of the joint compared to male mice, and exhibited diet differences in Mankin, 

synovitis, and osteophyte scores. Serial biomarker analysis demonstrated an enormous 

difference between sex—serum insulin levels were 10-fold higher in male mice 

compared to females. Serum and synovial fluid biomarkers also indicated some 

differences; serum IFN-γ, IL-4, and IL-5 levels showed significance only in female 

groups, whereas serum IL-8 levels only showed differences in male groups. Some 

biomarkers had opposite trends depending on sex; for synovial fluid IL-1β levels, WT 

male mice had decreased levels in the experimental limb compared to the control limb, 

but female WT mice had increased levels in the experimental limb compared to the 

control limb. These differences elucidate the need for studying both genders when 

identifying markers of disease and testing therapeutics for disease treatment and 

prevention. 
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The Fat-1 enzyme shows promise as a therapeutic solution for the reduction and 

prevention of PTA. Based on the limited number of arthritis studies, the Fat-1 enzyme 

has the greatest impact after acute injury, where it helps to combat the inflammatory 

environment brought on by the release of IL-1, TNF-α, and other pro-inflammatory 

cytokines. To date, no human clinical trials utilizing the Fat-1 enzyme have been 

performed. Further studies need to be conducted to determine how to translate the 

results of both in vitro and in vivo studies to a therapy that could be used by physicians 

in the clinic for PTA prevention. 
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4. Aim 2: Anti-inflammatory gene therapy of the Fat-1 
enzyme in vitro and in vivo for the prevention of post-
traumatic arthritis (PTA) 

4.1 Introduction 

Post-traumatic arthritis (PTA) is arthritis that develops following joint trauma. 

Causes of PTA include articular fractures, joint capsule tears, abnormal loading of a 

synovial joint, and meniscus and ligament tears [3]. 27 million patients suffer from 

osteoarthritis (OA), a degenerative disease that involves the tissue, cartilage, ligaments, 

and bones of the joint, and 12% of these patients are estimated to have PTA at an annual 

cost of $3.06 billion in the United States [2, 37, 38]. Current treatments of PTA and OA 

range from over-the-counter drugs to joint replacement depending on pain and severity 

of joint degeneration [39, 40]. Risk factors for PTA and OA include sex, age, trauma, 

overuse injuries, genetics, and obesity [41]. 

Obesity is defined as a body mass index (BMI) greater or equal to 30 [7]. The BMI 

calculation uses a person’s height and weight to determine body fat; however, these 

measures are not always accurate. For instance, a muscular person will have a high BMI, 

even though they may have a low body fat percentage [42]. Reasons for obesity include 

energy imbalance (eat more than you burn), genes, metabolism, environment, and social 

culture; this disease affects 78.6 million Americans at an annual cost of $147 billion [5, 7, 
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43]. These individuals are at higher risk for diseases including heart disease, cancers, 

diabetes, hypertension, stroke, and arthritis. 

Obesity is considered a modifiable risk factor for PTA and OA, but it is unclear 

as to why exactly it is a risk factor [44]. Various treatments for obesity, such as changes 

in diet, exercise, and bariatric surgery can help alleviate some of the symptoms of PTA 

and OA. For instance, biomechanics studies have shown that increased weight greatly 

increases the force loading a joint. Messier et al showed that a 1kg weight gain increased 

the compressive load on the knee by 4kg [46]. The relationship between diet, obesity, 

and fatty acids has been examined in a number of disease models. In a PTA model, Wu 

et al examined the roles of three diets on PTA development after injury: omega-3 rich, 

omega-6 rich, and lard rich diets [27]. Using diets that had 60% kcal from fat, they were 

able to show that mice on the omega-3 rich diet had reduced body weight, body fat 

percentage, and arthritis development compared to mice on the omega-6 and lard-rich 

diets [27]. Synovial inflammation was also decreased in the mice on the omega-3 rich 

diet compared to mice on the omega-6 rich diet. Inflammation caused by obesity and 

PTA leads to the upregulation of pro-inflammatory cytokines, including IL-1, IL-6, and 

TNF-α [8-11, 13-22, 41]. Omega-3 has been shown to suppress the synthesis of IL-1 and 

TNF-α, two of the potent players in PTA development. Omega-3 diet and fish-oil 
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supplement studies in healthy humans showed a reduction in IL-1β (31%, 78%) and 

TNF-α (30%, 70%) in the body [49]. 

The use of omega-3 fatty acids as an anti-inflammatory has popularized the use 

of the Fat-1 enzyme, which is an omega-3 fatty acid desaturase that was originally found 

in C. elegans. This enzyme is not found in mammalian cells! The desaturase works by 

dehydrogenating omega-6 fatty acids to omega-3 fatty acids by adding a double bond to 

the third carbon from the methyl terminus [26]. Kang et al produced a transgenic mouse 

model that has the ability to constitutively express the Fat-1 enzyme in all the cells, 

allowing the mouse to convert omega-6 fatty acids to omega-3 fatty acids. For arthritis 

specifically, there are two published studies using the Fat-1 mice to study the effects of 

PTA and idiopathic OA. For the latter, Cai et al showed that when WT and Fat-1 mice 

are fed a safflower-rich diet (10% kcal from fat), both groups exhibited idiopathic OA 

[85]. Although the Fat-1 mice had a lower omega-6/omega-3 ratio than their WT 

littermates, there were no significant differences in arthritic joint degeneration. For PTA, 

Huang et al showed that when female Fat-1 and WT mice were fed a control diet, then 

underwent DMM surgery, the Fat-1 mice had significantly lower joint degeneration 

compared to their WT littermates 4 and 8 weeks after surgery [86]. The Fat-1 mice again 

had increased levels of omega-3 in the cartilage and serum compared to the WT mice. 
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One potential therapy for PTA that utilizes the Fat-1 enzyme is gene therapy. 

Numerous safety and efficacy studies have been done to validate the use of gene 

therapy as a treatment option for diseases. Both in vivo and ex vivo studies have 

confirmed that gene expression is possible in the joints of animals using both non-viral 

and viral gene delivery [34]. In the absence of an immune response, transgene 

expression has been shown to be long-term [29, 30]. Clinical trials have confirmed both 

safety and efficacy in humans [28, 31-36]. For arthritis therapy, Glass et al created a 

doxycycline-inducible LV capable of overexpressing IL-1Ra in MSCs delivered on 

scaffolds [87]. The overexpression of IL-1Ra decreased levels of IL-1, matrix 

metalloproteinases (MMPs), and prostaglandin E2 (PGE2) production. Watanabe et al 

used an AAV to deliver IL-4 to murine synovium to reduce inflammation associated 

with rheumatoid arthritis (RA) [29]. The authors found that transgene expression was 

widespread, persisted over 7 months, and did not cause any virus-related inflammation. 

The Fat-1 enzyme has also been used in gene therapy studies; Kang et al used 

adenovirus to transduce cardiac myocytes to determine if gene delivery was efficient 

and could reduce the omega-6/omega-3 ratio [88]. They found that the ratio was 

significantly lower in cells with the Fat-1 enzyme and reduced levels of pro-

inflammatory metabolites. An et al used LV to deliver the Fat-1 enzyme to 3T3-L1 cells, a 

pre-adipocyte [89]. The omega-6/omega-3 ratio was significantly lower in cells 
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containing the Fat-1 enzyme, and the gene expression did not affect the cell’s ability to 

differentiate, meaning that the Fat-1 enzyme could be used with stem cells in the future. 

In this study, we hypothesized that for the in vitro study, cells that are 

transduced with the Fat-1 enzyme will have lower omega-6/omega-3 ratios and lower 

levels of pro-inflammatory cytokines compared to non-transduced controls when fed 

omega-6 supplemented media. The objectives of the in vitro study were to confirm fatty 

acid conversion and a decrease in pro-inflammatory cytokines in cells containing the 

Fat-1 enzyme, along with determining whether the Fat-1 enzyme is intracellular or 

extracellular. RT-qPCR analysis was done to elucidate whether the Fat-1 enzyme 

reduces the levels of pro-inflammatory cytokines in the media, and lipidomics analysis 

was done to confirm conversion of omega-6 fatty acids to omega-3 fatty acids. Western 

blot analysis with a HA-tagged Fat-1 lentivirus vector was done to determine whether 

the Fat-1 enzyme is intracellular, extracellular, or both. RT-qPCR analysis was also done 

to confirm expression of the AAV viruses in the cell before injecting them in vivo either 

locally or systemically. For the in vivo study, we hypothesized that obese WT mice on a 

high-fat diet that receive an injection of AAV-Fat-1 will exhibit reduced joint 

degeneration compared to mice that receive the control vector. The objective of the in 

vivo study was to show that Fat-1 gene therapy would protect obese mice against PTA 

degeneration. Histologic assessment of joint tissues was done to quantify joint 
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degeneration, synovial inflammation, and osteophyte formation. Lipidomic analysis was 

done to assess the local and systemic fatty acid environment and confirm conversion of 

fatty acids. RT-qPCR analysis was done to confirm delivery of the virus to the local and 

systemic tissues. 

4.2 Materials & Methods 

4.2.1 In vitro Studies 

4.2.1.1 Experimental design 

Multiple in vitro studies were performed to verify functionality of the Fat-1 

enzyme cassette before use in vivo. First, the Fat-1 gene was cloned onto a lentiviral (LV) 

vector, and virus was produced. This vector was used to test out the conversion of 

omega-6 fatty acids to omega-3 fatty acids via lipidomics analysis. RT-qPCR analysis of 

three pro-inflammatory cytokines, IL-6, TNF-α, and MCP-1, was performed to assess the 

in vitro inflammatory environment. Next, the Fat-1 gene was cloned onto an adeno-

associated vector (AAV); AAV serotype 2 virus was then produced at the UNC Vector 

Core (Chapel Hill, NC). RT-qPCR analysis was done to confirm transduction of virus in 

293T cells. Finally, a Western blot analysis was done using a HA-tagged Fat-1 lentivirus 

to determine whether the enzyme is intracellular, extracellular, or both. All cell studies 

were done using biological replicates (n=3 per group). 
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4.2.1.2 Production of the Fat-1 gene fragment 

The mammalian codon-optimized Fat-1 gene sequence was obtained from Dr. 

Jing X. Kang. Modifications were made to the ends of the fragment to allow for ease in 

insert into the pLV-12250 vector. On the 5’ end, HindIII and EcoRI restriction sites were 

added, along with a Kozak sequence, and on the 3’ end, XmaI and KpnI restriction sites 

were added. EcoRI and XmaI allow for cloning into the pLV-12250 vector, while HindIII 

and KpnI allow for cloning into pUC-19, a bacterial shuttle vector. A gene fragment 

block was then created and submitted to IDT (Coralville, IA) for production. 

4.2.1.3 Production of lentivirus 

The pLV-12250 vector contains an EF-1α constitutive promoter, along with an 

internal ribosome entry site (IRES) and an eGFP coding sequence. The Fat-1 gene was 

cloned into the vector between the EF-1α promoter and the IRES sequence, allowing for 

expression of both Fat-1 and eGFP upon transduction of the cell. The pLV-12250 vector 

without any modifications was used a control in all experiments. After cloning and 

successful sequencing, virus was produced using transient transfection of 293T cells. Co-

transfection of 293T cells with the appropriate pLV-12250 vector, envelope plasmid 

(pMD2G), and packing plasmid (psPAX2) using calcium phosphate precipitation was 

used to produce vesicular stomatitis virus (VSV-G) lentiviral vectors as described [113]. 

Harvested virus was concentrated by centrifuging supernatant in Amicon 100kDa 
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MWCO filters and freezing aliquots at -80ºC until use. Biological titration of HeLa cells 

was done using methods outlined in Salmon et al to determine the transducing units per 

mL of virus stock [113].  

To create the pLV-12250-Fat-1+HA Tag vector, a gene fragment containing the 

HA tag sequence, stop codon, and portions of the existing pLV-12250-Fat-1 vector was 

created and cloned into the pLV-12250-Fat-1 vector. Sequencing and subsequent virus 

production was performed as outlined above. 

4.2.1.4 HeLa media spike study 

HeLa cells were plated at a density of 2e6 cells/plate on 10mm round plates. 

Transduction of cells with pLV-IRES-eGFP and pLV-Fat-1-IRES-eGFP was done 

according to titer concentrations. Media supplementation started on day 4 post-

transduction and continued until day 28. Cells were fed either control media or omega-6 

rich media. For control media, nothing additional was added to the standard DMEM, 

Penicillin/Streptomycin, and FBS cocktail. For omega-6 rich media, linoleic acid (LA) 

and arachidonic acid (AA) were added to the aforementioned cocktail. Fatty acids were 

prepared and sterile filtered before addition to media. Both cells and media were 

collected for RT-qPCR and lipidomics analysis. Cells were passaged at each collection 

time point (1, 3, 7, 12, 16, 20, 24, 28 days); media was changed every four days. 



 

90 

 

4.2.1.5 RT-qPCR analysis of pro-inflammatory cytokines 

Day 7 cells were used for RT-qPCR analysis. IL-6, TNF-α, and MCP-1 (CCL2) 

mRNA levels were analyzed. Cells were trypsinized, collected, and spun down in a 

microcentrifuge tube at 300xg for 5 minutes. Media was aspirated, and cells were re-

suspended in PBS to wash extra media and debris. The tube was spun again at 300xg for 

5 minutes, and re-suspended in 400μL of lysing buffer + 5% β-mercaptoethanol. Samples 

were frozen at -20ºC until use. Extraction of RNA was completed using the Norgen Total 

RNA Purification Plus kit (Thorold, Ontario, Canada). Genomic DNA is removed using 

a removal column, and subsequent washes and spins lead to purified RNA. Reverse 

transcription of RNA to cDNA is completed using the SuperScript VILO master mix. 

Sample concentrations are then determined using the NanoDrop, and all concentrations 

are diluted to the lowest sample concentration. Power SYBR Green master mix is used to 

complete the RT-qPCR analysis. Samples were analyzed for IL-6, TNF-α, and MCP-1 

levels using designed primers (IDT, Coralville, IA). 18S was used as a housekeeping 

gene; all samples were run in duplicate and normalized to the non-transduced control 

media sample. Data was analyzed using the 2-∆∆Ct method [114], with fold change 

compared to 18S reported. 
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4.2.1.6 Lipidomics assays 

Cell and media samples from the HeLa media spike study from days 3 and 7 

were sent to Metabolon and assayed using the Fatty Acid Metabolism Panel. 33 different 

targets were measured, including 7 saturated fatty acids, 21 unsaturated fatty acids, and 

5 additional phospholipid-derived fatty acids. To obtain ratios, all omega-6 fatty acids 

were summed, as were all the omega-3 fatty acids. The concentration of omega-6 fatty 

acids for each group was then divided by the concentration of omega-3 fatty acids to 

obtain an omega-6/omega-3 ratio. 

4.2.1.7 Western blot analysis 

HeLa cells were plated at a density of 100k cells/well in a six-well plate. pLV-

12250-Fat-1+HA tag virus was used, along with non-transduced controls and RunX2 

virus, a positive control for the HA tag antibody. Cells were transduced and switched to 

Opti-MEM media (Gibco, Grand Island, NY). At day 7, cells were prepared for Western 

blot. 200µL of RIPA buffer + protease inhibitor was added to each well, and plates were 

allowed to chill. Cell scrapers were used to collect well contents, which were then spun 

down, saving the supernatant, and then frozen at -20ºC until use. Before starting the 

blot, samples were analyzed for protein concentration using the BCA assay (Pierce, 

ThermoFisher Scientific, Waltham, MA). Samples were diluted to the lowest sample 

concentration. Laemmli sample buffer and β-mercaptoethanol were added to each 
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sample per manufacturer’s instructions. Samples were then boiled at 95ºC for 5 minutes. 

Samples were loaded into a 4-10% Mini-Protean TGX precast gel, along with the 

Precision Plus Protein Prestained Dual Color standards (BioRad, Hercules, CA) and run 

at 200V for 25 minutes, or until the bands reach the bottom. Membrane transfer was then 

run for 2 hours on 0.5A in the cold room. Antibody incubation was done by first 

blocking with 5% milk in TBST, followed by an overnight primary antibody incubation 

at a 1:250 dilution (anti-HA primary Ab, Roche, Indianapolis, IN). Enhanced 

chemiluminescence (ECL) substrate was added (Pierce ECL Western Blotting Substrate) 

and blot was imaged for 5 minutes using a BioRad ChemiDoc MP System. Blot control 

was confirmed using an actin primary antibody at a 1:500 dilution (I-19/sc-1616, Santa 

Cruz Biotechnology, Dallas, TX) and a goat-anti-rabbit IgG-HRP secondary at 1:5000 (sc-

2030, Santa Cruz Biotechnology, Dallas, TX). All other steps remained the same. 

4.2.1.8 Production of adeno-associated virus 

pDO246-pX441-SaCas9 adeno-associated vector was obtained from Dr. Charles 

Gersbach. This vector contains a cytomegalovirus (CMV) promoter flanked by inverted 

terminal repeat (ITR) regions. A backbone digest was performed to remove the pX441-

SaCas9 portion of the pDO246 vector, which was then replaced with either a Luciferase 

fragment or the Fat-1 fragment. After cloning and successful sequencing, the plasmids 

were given to the UNC Vector Core for production of AAV serotype 2 virus. The UNC 
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Gene Therapy Vector Core utilizes a triple transfection protocol in suspension HEK293 

cells, which is then purified using column chromatography. Production of AAV2-

Luciferase (AAV2-Luc, control vector) and AAV2-Fat-1 (experimental vector) was 

completed, and virus was stored at -80ºC until use. The viral titer of AAV2-Luc was 

5.3x1012 vg/mL, and the viral titer of AAV2-Fat-1 was 3.7x1012 vg/mL. 

4.2.1.9 RT-qPCR validation of AAV transduction 

293T cells were plated at a density of 25k cells per well of a twelve-well plate. 

Cells were transduced with either AAV2-Luc or AAV2-Fat-1 using Lipofectamine® 3000 

(Life Technologies). Cells were harvested at day 7 and prepared for RT-qPCR as stated 

above. Primers for Fat-1 and Luciferase were used to detect expression of virus into the 

cellular genome, and 18S was used as a housekeeping gene. All samples were run in 

duplicate and normalized to the non-transduced sample. Data was analyzed using the 2-

∆∆Ct method [114], with fold change compared to 18S reported. 

4.2.2 In vivo Studies 

4.2.2.1 Experimental design 

Wild-type (WT) male mice were obtained and placed on an omega-6 rich high-fat 

diet. Mice underwent surgery at 23 weeks of age to destabilize the medial meniscus 

(DMM) in order to induce post-traumatic arthritis (PTA). Following surgery, mice were 

given either an intra-articular (IA) or retro-orbital (Sys) injection of either AAV2-
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Luciferase (vector control) or AAV2-Fat-1 (experimental vector). Mice were sacrificed 12 

weeks post-surgery, where limbs, serum, synovial fluid, and urine were collected for 

analysis. Histology was performed to determine the severity of articular cartilage 

degeneration, synovitis, and osteophyte formation; biomarker, lipidomics, and RT-qPCR 

analysis were performed to assess the levels of cytokines, fatty acids, and virus in the 

serum, synovial fluid, and tissues. All animal activities were performed using an 

IACUC-approved protocol. 

4.2.2.2 Study groups and nomenclature 

There were four total experimental groups in this study. Two main variables 

were examined: treatment (AAV2-Luciferase [Luc] versus AAV2-Fat-1 [Fat-1]) and route 

of administration (intra-articular/local [IA] versus retro-orbital/systemic [Sys]). The four 

groups are as follows: IA Luc, IA Fat-1, Sys Luc, and Sys Fat-1. 

4.2.2.3 Animals 

All animals were purchased from Jackson Laboratory (Bar Harbor, ME). 40 

C57BL/6 male mice were obtained, in five groups of eight mice each, for this study. 

Jackson Laboratory fed and weighed mice until 12 weeks of age; mice were then shipped 

to Duke University. Upon arrival, all mice were chipped and housed with their 

littermates based on Duke ACUC and IACUC guidelines. The number of mice in each 

group is as follows: IA Luc (n=13), IA Fat-1 (n=14), Sys Luc (n=5), and Sys Fat-1 (n=5). 



 

95 

 

4.2.2.4 Weight tracking & diets 

Weights were measured starting at week 5. Diets were started at week 5, with all 

mice receiving an omega-6 rich high-fat diet (60% kcal from fat). Custom diets were 

supplied by Research Diets, Inc. (New Brunswick, NJ). The experimental diet 

(D11120105) contained 103.9g of omega-6, 4.2g of omega-3, and an omega-6/omega-3 

ratio of 24.7. All food was kept at -20°C until use. 

4.2.2.5 Longitudinal collection of serum and urine 

Maxillary vein sticks from each mouse were collected at weeks 20, 25, 29, and 33. 

Blood collections were performed by a trained veterinary technician using a sterile 

lancet and collection tubes with ~100uL of blood collected per stick. No more than 10% 

of blood volume (10% of the body weight of the mouse) was collected from each animal. 

Blood was spun down, aliquoted, and stored at -80°C until analysis. 

Urine collection was performed at weeks 20, 25, 29, and 33. Mice were placed 

into individual buckets and allowed to function normally. Urine output was checked 

regularly throughout the day; urine was collected, aliquoted, and stored at -80ºC until 

analysis. 

4.2.2.6 DEXA scanning of mice 

Body fat percentage and bone mineral density of mice were obtained using a 

dual-energy x-ray absorptiometry (DEXA) scanner (GE Lunar PIXImus, GE Healthcare, 
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Madison, WI, USA) at weeks 20 and 34. The DEXA machine was calibrated for bone 

mineral density and percent fat prior to scanning.  Mice were anesthetized using 

isoflurane, placed ventral side down to capture the entire body and tail, and scanned. 

Data was analyzed using the PIXImus2 software. The head region was excluded from all 

analysis. Final values included the body bone mineral density (BMD) and the percent fat 

(fat content/total tissue mass). 

4.2.2.7 Destabilization of the medial meniscus (DMM) model 

At 23 weeks of age, mice underwent DMM surgery in order to induce post-

traumatic arthritis in the left hind limb. The right hind limb served as a contralateral 

control limb within each mouse. Mice were anesthetized using isoflurane, and 

positioned on a custom cradle so that the knee is kept at 90° flexion during surgery. An 

incision through the joint is made, traveling through the medial third of the patellar 

tendon and the fat pad. The medial meniscotibial ligament is then sectioned using a #11 

blade, causing movement of the medial meniscus beyond its normal range. The joint 

capsule and subcutaneous skin layer were sutured using a continuous 8-0 suture 

(PolysorbTM, Covidien, Mansfield, MA, USA), and skin glue is used to close the skin. 

Extended-release buprenorphine was given post-surgery (lasts for 72 hours). 
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4.2.2.8 Intra-articular and systemic injections 

AAV2-Luciferase and AAV2-Fat-1 were prepared and obtained as mentioned 

above. Virus was kept at -80°C until use. The morning of surgery, one vial of each virus 

type was thawed and aliquoted into single-use autoclaved qPCR tubes. For intra-

articular injections, 10uL of virus was put into tubes; for systemic retro-orbital injections, 

100uL of virus was put into tubes. Virus was kept on ice until injections. Once surgery 

was completed, the vial was warmed via hand and taken up in a syringe with a 27G 

needle. A fresh, sterile needle was then placed on the syringe prior to injection into the 

mouse. Intra-articular injections required the use of Hamilton syringes, while retro-

orbital injections used BD 1mL syringes. Mice were kept under anesthesia between 

surgery and injections (isoflurane). For intra-articular injections, the knee was triple 

swabbed with a betadine/70% EtOH sequence before injection. The knee was flexed at 

90° and injection given by going through the patellar tendon/fat pad region. For retro-

orbital injections, the needle was placed in the retro-bulbar space as described 

previously and the injection was performed [115]. 

4.2.2.9 Collection of materials at sacrifice 

Mice from each group were sacrificed 12 weeks post-surgery (35 weeks old). At 

the time of sacrifice, serum and synovial fluid from each limb were collected from each 

mouse and stored for use in biomarker analysis as described previously [90]. Both hind 
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limbs from each mouse were harvested and fixed at 90° flexion in 10% neutral buffered 

formalin for 48 hours, then transferred to 70% ethanol. 

4.2.2.10 Histological processing of limbs 

Hind limbs were prepared for histology. Decalcification of the limbs was done 

using Cal-Ex II Decalcification Solution (Fisher Scientific, Pittsburgh, PA) for 5 days. 

Limbs were then dehydrated, infiltrated, and paraffin-embedded using the 

ThermoFisher Excelsior AS (ThermoFisher Scientific, Waltham, MA). Serial coronal 

plane sections of 8μm were taken through each join for assessment of articular cartilage 

degeneration, synovitis, and osteophyte formation. 

4.2.2.11 Articular cartilage assessment 

Slides were stained with Harris Hematoxylin, Fast Green (aqueous), and 

Safranin-O in order to assess articular cartilage degeneration. A modified Mankin score 

[91, 92] was used by four blinded graders to determine osteoarthritis severity for each 

quadrant (lateral femoral condyle, lateral tibial plateau, medial femoral condyle, medial 

tibial plateau). Joint quadrant scores were then tabulated and averaged between graders 

to get an overall total joint score of articular cartilage degeneration for each limb. 

4.2.2.12 Synovial inflammation assessment 

Slides were stained with Harris Hematoxylin and Eosin in order to assess the 

level of synovitis. A modified Krenn score [13, 93] was used by four blinded graders to 



 

99 

 

determine synovitis severity for each quadrant (lateral femoral condyle, lateral tibial 

plateau, medial femoral condyle, medial tibial plateau). Joint quadrant scores were then 

tabulated and averaged between graders to get an overall total joint score of synovitis 

for each limb. 

4.2.2.13 Osteophyte assessment 

Slides were stained with Harris Hematoxylin, Fast Green (aqueous), and 

Safranin-O in order to assess osteophyte development. A modified quantitative score 

[94] was used by four blinded graders to determine the class of osteophyte present for 

each quadrant (lateral femoral condyle, lateral tibial plateau, medial femoral condyle, 

medial tibial plateau). Osteophytes were graded under a 100x magnification. Scale was 

as follows: grade 0-origin (normal surface), grade 1-early chondrophyte (fibrous 

outgrowths), grade 2-fibrocartilage/chondrophytes (fibrous/cartilaginous tissue; no 

hypertrophic chondrocytes or bone formation present), grade 3-early osteophyte (zonal 

pattern of chondrocytes with columnar alignment; deepest cells show hypertrophy), 

grade 4-mature osteophyte (ossification; tissue resembles articular cartilage; 

hypertrophic chondrocytes; no clear tidemark). Joint quadrant scores were then 

tabulated and averaged between graders to get an overall total joint score of osteophyte 

development for each limb. 
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4.2.2.14 Lipidomics assays 

Serum and synovial fluid samples were sent to Metabolon and assayed using the 

Fatty Acid Metabolism Panel. 33 different targets were measured, including 7 saturated 

fatty acids, 21 unsaturated fatty acids, and 5 additional phospholipid-derived fatty acids. 

To obtain ratios, all omega-6 fatty acids were summed, as were all the omega-3 fatty 

acids. The concentration of omega-6 fatty acids for each mouse was then divided by the 

concentration of omega-3 fatty acids to obtain an omega-6/omega-3 ratio. 

4.2.3 Statistical analysis 

All results were analyzed using STATISTICA (v.13, Dell Inc., Tulsa, OK) with 

significance reported at the 95% confidence level. Data was examined using repeated 

measures in order to observe differences between the control and experimental limb, 

along with the reduction of PTA development between treatment and delivery route. 

Parametric analysis was performed on data that was normally distributed; otherwise, 

non-parametric analysis was used. 

For the Mankin, synovitis, and osteophyte scores, as well as the lipidomics data, 

non-parametric analysis was performed. A Wilcoxon matched pairs test was used to 

report significance between the control and experimental limb, and a Kruskal-Wallis 

ANOVA was used to compare individual groups against each other using treatment and 

delivery route as grouping variables. 



 

101 

 

For the bone mineral density, body fat percentage, and weight, parametric 

analysis was used. A repeated measures ANOVA was used to determine significance 

between time, and a Fisher LSD post-hoc test was used to compare individual groups 

against each other using treatment and delivery route as grouping variables. 

For the correlations between histology, whole body measures, and lipidomics, a 

Spearman rank order was used, with Spearman R and p-values reported. 

4.3 Results 

4.3.1 In vitro Studies 

4.3.1.1 Fatty acid metabolism analysis in cells shows significant reduction in omega-

6/omega-3 ratio in Fat-1 containing cells at day 7, but no differences in media. 

Cell and media samples were analyzed by Metabolon using the Fatty Acid 

Metabolism Panel (Figure 29). The omega-6/omega-3 ratio was calculated and averaged 

for each group of cells and media samples. The time x group x media type interaction 

term was significant (p=0.0008).  For the cells (Figure 29A) in omega-6 supplemented 

media, the non-transduced group had a significantly higher ratio at day 7 compared to 

day 3 (p=0.00001). The eGFP (vector control) group had a significantly higher ratio at day 

7 compared to day 3 (p=0.00), but the Fat-1 group did not have a significant difference at 

day 7. At day 7, the eGFP group had a significantly higher ratio of omega-6/omega-3 

fatty acids compared to the non-transduced group (p=0.0007). The Fat-1 group had a 

significantly lower ratio compared to the eGFP and the non-transduced group (p=0.00 
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for both). There were no significant differences in the cells in the control media, or in any 

of the analyzed control or omega-6 supplemented media (Figure 29B). 

 

Figure 29: In vitro lipidomics analysis of HeLa cells and media after omega-6 

supplementation. (A) Analysis of HeLa cells on day 3 and day 7. * denotes p<0.05 between day 3 

and day 7 samples using Fisher LSD post-hoc test. # denotes p<0.05 between sample and NT 

control on day 7 using Fisher LSD post-hoc test. $ denotes p<0.05 between sample and Fat-1 on 

day 7 using Fisher LSD post-hoc test. Mean ± standard deviation reported (n=3 per group). (B) 

Analysis of media on day 3 and day 7. Mean ± standard deviation reported (n=3 per group). 
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4.3.1.2  RT-qPCR analysis of pro-inflammatory cytokines shows significantly higher 

levels of TNF-α in cells containing Fat-1, but no differences for IL-6 and MCP-1. 

Cells at day 7 were analyzed for the presence of MCP-1, IL-6, and TNF-α using 

RT-qPCR, shown in Figure 30. For all three cytokines, there was an upregulation in the 

omega-6 supplemented media compared to the control media for the eGFP-transduced 

cells (control vector). However, in the Fat-1 transduced cells, there was a decrease in 

levels of all three cytokines. For MCP-1 (Figure 30A) and IL-6 (Figure 30B), there were 

no significant differences between media or group; however, for TNF-α (Figure 30C), 

there was a significant upregulation in the Fat-1 cells compared to the eGFP cells 

(p=0.048). 
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Figure 30: Pro-inflammatory cytokine mRNA analysis of (A) MCP-1 (CCL2), (B) IL-6, 

and (C) TNF-α in cells in control or omega-6 supplemented (fatty) media. (A) Cell mRNA levels 

of MCP-1 (CCL2) at day 7. 18S was used as a housekeeping gene. Mean ± standard deviation 

reported (n=3 per group). (B) Cell mRNA levels of IL-6 at day 7. 18S was used as a housekeeping 

gene. Mean ± standard deviation reported (n=3 per group). (C) Cell mRNA levels of TNF-α at day 

7. * denotes p<0.05 between Fat-1 and eGFP cells using Fisher LSD post-hoc test. 18S was used as 

a housekeeping gene. Mean ± standard deviation reported (n=3 per group). 
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4.3.1.3 Western blot analysis shows presence of Fat-1 enzyme in both cells and media. 

Western blot analysis was done to confirm proper protein conformation and 

determine whether the enzyme is intracellular, extracellular, or both, which is shown in 

Figure 31. Using non-transduced controls, RunX2 LV (positive control for the anti-HA 

antibody), and the Fat-1+HA tag LV, cells were analyzed at day 7. Actin was also used 

as a blot control. The size of the RunX2+ 3HA tag is 56.65kDA, Fat-1+HA tag is 46.49kDa, 

and the actin is 42kDa. The cell blot (Figure 31A) shows no HA band for the non-

transduced controls, and HA bands for both the RunX2 positive control and the Fat-

1+HA tag. The actin control blot (Figure 31B) shows positive bands for the non-

transduced control, the RunX2 positive control, and the Fat-1+HA cells. The cell and 

media blot (Figure 31C) shows no HA band for the non-transduced cells or media, and 

shows a HA band for the Fat-1+ HA cells, and the media from the Fat-1+HA cells. These 

blots confirm the proper conformation of the Fat-1 enzyme, and also indicate that the 

Fat-1 enzyme is both intracellular and extracellular. 
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4.3.1.4 RT-qPCR analysis of AAV transduction confirms expression of vectors in 293T 

cells. 

AAV virus from the UNC Vector Core was tested for transduction efficacy before 

injection into mice. 293T cells were transduced with either AAV2-Luc (control vector) or 

Figure 31: Western blot analysis of Fat-1+HA tag in cells and media. (A) Western blot of 

non-transduced cells, RunX2+3HA tag transduced cells (positive control, 56.65kDa), and Fat-

1+HA tag transduced cells (46.49kDa) (n=3 per group). (B) Western blot of non-transduced cells, 

RunX2+3HA tag transduced cells, and Fat-1+HA tag transduced cells for actin (42kDa) as a blot 

control (n=3 per group). (C) Western blot of non-transduced cells, Fat-1+HA tag transduced cells 

(2 lanes), non-transduced media, and Fat-1+HA tag transduced media (3 lanes) (n=3 per group). 
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AAV2-Fat-1 (experimental vector) using Lipofectamine® 3000. Cells were analyzed at 

day 7 post-transduction for the presence of Luciferase or Fat-1 using RT-qPCR, shown in 

Figure 32. Both vectors had increased expression compared to non-transduced controls, 

with AAV2-Luc levels significantly higher than non-transduced controls (p=0.007). 

 

 

 

4.3.2 In vivo Studies 

4.3.2.1 Articular cartilage assessment of joints shows that neither local or systemic 

injection of Fat-1 protected mice from articular cartilage degeneration. 

Histologic sections of joint tissues were assessed for articular cartilage 

degeneration using a modified Mankin score of both the contralateral control limb and 

the experimental limb, shown in Figure 33. For the local, intra-articular injection of 

Figure 32: RT-qPCR validation of AAV transduction in 293T cells. Non-transduced 

cells, AAV-Luciferase (Luc) transduced cells, and AAV-Fat-1 transduced cells were analyzed 

using RT-qPCR for the presence of Luciferase or Fat-1 mRNA. * denotes p<0.05 compared to non-

transduced cells using Student’s t-test. 18S was used as a housekeeping gene. Mean ± standard 

deviation reported (n=3 per group). 
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Luciferase, the experimental limb had a significantly increased Mankin score compared 

to the contralateral control limb (p=0.0015). For the local, intra-articular injection of Fat-1, 

the experimental limb also had a significantly increased Mankins core compared to the 

control limb (p=0.00098). However, the systemic injections of Luciferase and Fat-1 

trended towards an increase in Mankin score in the experimental limb compared to the 

control limb (Luciferase p=0.08, Fat-1 p=0.08). 

 

 

 

 

Figure 33: Assessment of joints for articular cartilage degeneration. (A) Modified 

Mankin total joint score of the experimental limb and the contralateral control limb. * denotes 

p<0.05 between control and experimental limb using Wilcoxon Matched Pairs test. ^ denotes 

0.05≤p<0.1 between control and experimental limb using Wilcoxon Matched Pairs test. Mean ± 

standard deviation reported (n=5-14 per group). (B) Representative histologic pictures of articular 

cartilage on the medial side for each group with Safranin-O/Fast Green staining at 12 weeks post-

surgery. Scale bar indicates 100µm. 
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4.3.2.2 Synovial inflammation assessment of joints shows that the systemic injection 

of Fat-1 protected mice from synovitis. 

Histologic sections of joint tissues were assessed for synovial inflammation using 

a modified Krenn score of both the contralateral control limb and the experimental limb, 

shown in Figure 34. For the local, intra-articular injections of Luciferase and Fat-1, the 

experimental limb had a significantly increase in the synovitis score compared to the 

contralateral control limb (Luciferase p=0.011, Fat-1 p=0.016). For the systemic injection 

of Luciferase, the experimental limb again had a significantly increased synovitis score 

compared to the control limb (p=0.043). However, the Fat-1 systemic injection protected 

mice from synovitis (p=0.138).  
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4.3.2.3 Osteophyte development in joints shows that both local and systemic 

injections of Fat-1 protect the joint from osteophytes on the lateral side only. 

Histologic sections of joints were assessed for osteophyte development using a 

modified quantitative score of osteophyte class for the experimental limb and 

contralateral control limb, shown in Figure 35. For the total joint score, the local 

Figure 34: Assessment of joints for synovial inflammation. (A) Modified Krenn total 

joint score of the experimental limb and the contralateral control limb. * denotes p<0.05 between 

control and experimental limb using Wilcoxon Matched Pairs test. Mean ± standard deviation 

reported (n=5-14 per group). (B) Representative histologic pictures of synovium on the medial 

side for each group with Hematoxylin/Eosin staining at 12 weeks post-surgery. Scale bar 

indicates 200µm. 
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injections of Luciferase and Fat-1 had significantly higher osteophyte development in 

the experimental limb compared to the contralateral control limb (Luciferase p=0.0022, 

Fat-1 p=0.0019). The systemic injection of Fat-1 had significantly higher osteophyte 

development in the experimental limb compared to the control limb (p=0.043). However, 

the systemic injection of Luciferase was trending towards increased osteophyte 

development in the experimental limb compared to the control limb (p=0.08). If the 

lateral and medial side are compared, both local injections and the systemic injection of 

Fat-1 are significantly different on the medial side, but the systemic Luciferase injection 

is not (IA Luciferase p=0.0015, IA Fat-1 p=0.0006, Sys Luc p=0.144, Sys Fat-1 p=0.043). This 

significant difference makes sense because the injury occurs on the medial side. The 

systemic Luciferase not being significant may be due to low n (n=5). On the lateral side, 

the local injection of Luciferase has a significantly higher osteophyte score on the 

experimental limb compared to the control (p=0.021), and the systemic injection of 

Luciferase is trending towards increased osteophyte scores on the experimental limb 

compared to the control (p=0.08). However, both Fat-1 injections were not significantly 

different (IA p=0.17, Sys p=0.27), which means the lateral side is protected from 

osteophyte development. 
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Figure 35: Assessment of joints for osteophyte formation. (A) Quantitative osteophyte 

class total joint score of the experimental limb and the contralateral control limb for the lateral 

side. * denotes p<0.05 between control and experimental limb using Wilcoxon Matched Pairs test. 

^ denotes 0.05≤p<0.1 between control and experimental limb using Wilcoxon Matched Pairs test. 

Mean ± standard deviation reported (n=5-14 per group). (B) Quantitative osteophyte class total 

joint score of the experimental limb and the contralateral control limb for the medial side. * 

denotes p<0.05 between control and experimental limb using Wilcoxon Matched Pairs test. Mean 

± standard deviation reported (n=5-14 per group). (C) Representative histologic pictures of 

articular cartilage on the lateral side for each group with Safranin-O/Fast Green staining at 12 

weeks post-surgery. Scale bar indicates 500µm. 
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4.3.2.4 Body weight tracking from week 5 to sacrifice showed a significant interaction 

between time and route of administration, but not treatment. 

Mice were weighed weekly from week 5 to week 35 (sacrifice), shown in Figure 

36. The interaction term between time and route of administration was significant 

(p=0.013). When comparing route of administration, the mice that received systemic 

injections had significantly higher body weights than mice that received intra-articular 

injections at weeks 21 (p=0.042), 23 (p=0.029), 27 (p=0.016), 28 (p=0.032), and 29 (p=0.048). 

When comparing time, there were no significant differences between IA or systemic 

injections. 

 

 

 

Figure 36: Body weight tracking of mice from week 5 to sacrifice (week 35). Mice were 

weighed weekly to determine body weight throughout the study. * denotes p<0.05 between 

routes of administration (IA versus Sys) using Fisher LSD post-hoc test. Mean ± standard 

deviation reported (n=5-14 per group). 
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4.3.2.5 Whole body bone mineral density analysis showed no significance between 

time, route of administration, or treatment. 

The dual-energy x-ray absorptiometry (DEXA) scanner was used to obtain whole 

body bone mineral density (BMD) measures, shown in Figure 37. There were no 

significant differences between time, route of administration, or treatment, either as a 

single variable or multiple variables.  

 

 

 

4.3.2.6 Whole body percent fat analysis showed a significant interaction between time 

and route of administration, but not treatment. 

The dual-energy x-ray absorptiometry (DEXA) scanner was used to obtain whole 

body percent body fat measures, shown in Figure 38. The interaction term between time 

and route of administration was significant (p=0.045). When comparing route of 

Figure 37: Whole body bone mineral density (BMD) measures at week 20 and sacrifice 

(week 35). Mice were scanned using the DEXA to determine whole body BMD measurements. 

Mean ± standard deviation reported (n=5-14 per group). 
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administration, the mice that received a systemic injection had significantly increased 

body fat percentage compared to the mice that received a local injection at week 20 

(p=0.003). When comparing time, the mice that received an intra-articular injection at 

week 34 had significantly higher body fat percentage compared to the mice that received 

an intra-articular injection at week 20 (p=0.00).  

 

 

 

4.3.2.7 Fatty acid metabolism serum analysis showed a significant decrease in the 

omega-6/omega-3 ratio in the mice that received intra-articular Fat-1 compared to 

intra-articular Luc, but no differences between systemic treatments. 

Serum samples were analyzed by Metabolon using the Fatty Acid Metabolism 

Panel, shown in Figure 39. The omega-6/omega-3 ratio for each mouse was calculated 

Figure 38: Whole body percent body fat measures at week 20 and sacrifice (week 35). 

Mice were scanned using the DEXA to determine whole body percent body fat measurements. 

Mean ± standard deviation reported (n=5-14 per group). 
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and averaged for each group. For the intra-articular injections, there was a significant 

decrease in the omega-6/omega-3 ratio for the mice that received Fat-1 compared to the 

mice that received Luciferase (p=0.037). There were no differences between the systemic 

treatments, or between routes of administration within a treatment. 

 

 

 

4.3.2.8 Fatty acid metabolism synovial fluid analysis showed a significant decrease in 

omega-6 fatty acid concentration in the injured limb of the mice that received 

systemic Fat-1.   

Synovial fluid samples were analyzed by Metabolon using the Fatty Acid 

Metabolism Panel, shown in Figure 40. The only fully-detectable lipid in the synovial 

Figure 39: Serum lipidomics analysis of mice at sacrifice. Serum samples from mice 

were analyzed for omega-3 and omega-6 fatty acid content. Ratio between omega-6/omega-3 fatty 

acids reported. * denotes p<0.05 between groups using Kruskal-Wallis ANOVA test. Mean ± 

standard deviation reported (n=5-14 per group).   
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fluid was linoleic acid (18:2n6), so comparisons between groups were made using the 

levels of linoleic acid. When comparing between experimental limb and contralateral 

control limb, the mice that received systemic Fat-1 had a significant decrease in the 

omega-6 concentration in the experimental limb compared to the control (p=0.043). There 

was also a trend towards a decrease in the omega-6 concentration in the experimental 

limb compared to the control limb for the mice that received intra-articular Fat-1 and the 

mice that received systemic Luciferase (IA Fat-1 p=0.064, Sys Luc p=0.08). Comparing 

routes of administration, the experimental limb of the mice that received systemic 

Luciferase had a trend towards a decrease in omega-6 concentration compared to mice 

that received intra-articular Luciferase (p=0.055). There were no differences between the 

Fat-1 routes of administration or the groups within an administration type. 
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4.3.2.9 Correlations between histology, whole body measures, & lipidomics 

Spearman rank order correlations were run to determine relationships between 

histology, whole body measurements, and lipidomics. For lipidomics, the serum omega-

6/omega-3 ratio positively correlated with the week 20 percent body fat measure 

(rs=0.365, p=0.027). For whole body measurements, the week 20 bone mineral density 

measure positively correlated with the osteophyte score on the control limb (rs=0.451, 

p=0.005), and the week 20 percent body fat measure negatively correlated with the 

Mankin total joint score on the experimental limb (rs=-0.559, p=0.0003). For histology, the 

Mankin total joint score on the experimental limb positively correlated with the 

Figure 40: Synovial fluid lipidomics of mice at sacrifice. Synovial fluid samples from 

mice were analyzed for omega-3 and omega-6 fatty acid content. Concentration of omega-6 fatty 

acids reported. * denotes p<0.05 between limbs using Wilcoxon Matched Pairs test. ^ denotes 

0.05≤p<0.1 using Wilcoxon Matched Pairs test. Mean ± standard deviation reported (n=5-14 per 

group). 
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synovitis total joint score on the experimental limb (rs=0.466, p=0.004), and the synovitis 

total joint score on the experimental limb positively correlated with the osteophyte total 

joint score on the experimental limb (rs=0.469, p=0.003). 

4.4 Discussion & Conclusions 

This study showed that the Fat-1 enzyme has the ability to convert omega-6 fatty 

acids to omega-3 fatty acids both in vitro and in vivo, is both intracellular and 

extracellular, and, through gene therapy, can confer protection against synovitis and 

osteophyte formation in mice. This study provides evidence for the potential use of 

AAV gene therapy to deliver the Fat-1 enzyme for the prevention of PTA, but further 

optimization of the viral therapy is needed before translation into the clinic. 

HeLa cells that were transduced with the Fat-1 enzyme using lentivirus showed 

significantly reduced omega-6/omega-3 ratios compared to HeLa cells transduced with 

eGFP (vector control) or non-transduced controls. Omega-6 media supplementation was 

done using both linoleic acid and arachidonic acid, two potent omega-6 fatty acids in 

inflammation. Early studies using the Fat-1 enzyme delivered on an adenovirus also 

showed a significant reduction in omega-6 fatty acids and subsequent increase in 

omega-3 fatty acids in cells [88, 116-119]. An et al also used lentivirus to deliver the Fat-1 

enzyme, and again found a significant reduction in the omega-6/omega-3 ratio in cells 

that were transduced with the Fat-1 virus compared to controls [89]. In these in vitro 
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studies, the authors found that inflammation was reduced in their particular disease 

models. Looking at a small subset of pro-inflammatory cytokines in our study, we found 

that there were no significant differences in the fold change in cells with Fat-1 compared 

to cells with eGFP for both MCP-1 and IL-6, which are both upregulated in PTA.  

Currently, no studies have examined whether the Fat-1 enzyme is intracellular, 

extracellular, or both. Because there is no antibody for the Fat-1 enzyme, an HA tag was 

added to the end of the Fat-1 gene sequence for detection using a Western blot. Using 

non-transduced cells as a negative control and a previously-tested RunX2-LV, we were 

able to detect the HA-tagged Fat-1 LV in both cells and media. This discovery shows 

that transducing cells in a particular tissue or joint space could potentially translate to 

the benefit of the Fat-1 enzyme in the surrounding fluid.  

When we delivered Fat-1 both locally to the joint space and systemically to the 

bloodstream, we did not see protection against arthritis after intra-articular or systemic 

injections. One previous PTA study that examined the use of the transgenic Fat-1 mouse 

saw protection conferred on mice following injury on a control diet [86]. In Chapter 3, 

we saw that male Fat-1 mice on both a high-fat diet and a control diet were protected 

from arthritic changes after injury, and female mice were protected on a control diet. 

There are a few variables that could explain why no effect was seen; these include the 

viral titer and delivery vehicle. Studies have been done to compare the efficacy of using 
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both LV and AAV for viral gene therapy; however, there are safety issues with the use of 

LV, especially in humans. AAV, as a wild-type virus, does not cause disease and has low 

immunogenicity; it also transduces non-dividing cells and is cleared by the immune 

system [34]. Gouze et al compared the intra-articular delivery of a GFP-LV and a GFP 

adenovirus, and showed that in athymic animals, gene expression lasted through the 

lifetime of the animals, indicating that the benefit of gene therapy could persist beyond 

an acute time frame [30]. The viral titer could also have been too low, especially with an 

intra-articular injection; only 6uL of virus could be delivered to the joint due to size 

restrictions. Watanabe et al delivered 5uL of rAAV-CMV-LacZ, which was equivalent to 

2.5x1010 viral particles and saw transgene expression 7 months following viral 

administration [29]. In our study, we administered 2.22x1010 viral particles in 6uL. We 

can speculate that either more cells needed to be transduced, or that we need a higher 

viral titer. Systemically, we delivered 3.7x1011 viral particles in 100uL, which is more 

than 16-fold higher than what was delivered via intra-articular injection. 

The systemic administration of Fat-1 conferred protection against synovial 

inflammation, but did not show protective effects with either Luciferase treatment or 

local Fat-1 treatment. This follows from our previous study, where we saw protection 

against synovitis in the Fat-1 mice on the control diet, along with female Fat-1 mice on a 

high-fat diet. This protective effect has been shown in the literature with an omega-3 
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enrichment diet; Wu et al showed that mice on an omega-3 rich diet had a significantly 

reduced synovial inflammation compared to mice on an omega-6 rich diet in a DMM 

diet study [27]. In a rheumatoid arthritis (RA) model, Fat-1 mice exhibited a reduction in 

synovitis compared to WT mice [95]. The amount of virus delivered systemically was 

enough to promote an omega-3 rich, anti-inflammatory environment that reduced the 

level of synovitis after DMM surgery. 

The systemic and local administration of Fat-1 led to decreased osteophyte 

formation on the lateral (non-injury) side, where the administration of Luciferase led to 

significantly higher osteophyte formation in the experimental limb compared to the 

contralateral control limb. In our previous study, the Fat-1 mice on a high-fat diet were 

also protected from osteophyte formation on the lateral side of the joint. Previous Fat-1 

and diet studies have also shown this effect; Huang et al showed that Fat-1 mice had 

smaller osteophyte volume and surface area compared to WT mice [86]. Wu et al 

showed that an omega-3 diet led to reduced osteophyte formation compared to mice on 

an omega-6 rich or lard diet [27]. Again, the delivery of virus allowed for a decrease in 

omega-6 fatty acids and an increase in omega-3 fatty acids, promoting an anti-

inflammatory environment and conferring protection against osteophyte formation in 

the mice that received Fat-1 gene therapy. 
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A significant reduction in the concentration of omega-6 fatty acids in the synovial 

fluid of the experimental limb was observed in the mice that received a systemic 

administration of Fat-1, which contributed to the reduction in articular cartilage 

degeneration, synovitis, and osteophyte formation. In serum, we saw a reduction of the 

omega-6/omega-3 ratio in the mice that received intra-articular Fat-1 compared to those 

mice that received intra-articular Luciferase, which may have protected from osteophyte 

formation. Kang et al showed the reduction of the omega-6/omega-3 ratio in his original 

paper utilizing the Fat-1 transgenic mouse [50]. This decrease in the concentration of 

omega-6 fatty acids, coupled with the increase in the concentration of omega-3 fatty 

acids, creates an anti-inflammatory environment in the animal that allows for the 

reduction of symptoms for a variety of diseases, including airway allergies [61], brain 

function [68-73], cancer [51-60], immune response [53, 62-67], and obesity and bone 

health [79-84]. In regards to Fat-1 arthritis studies, the study authors found a reduction 

in the omega-6/omega-3 ratio in the Fat-1 mice compared to the WT mice in PTA, 

idiopathic OA, and rheumatoid arthritis (RA) [85, 86, 95]. The decrease in the omega-6 

fatty acid concentration in the systemic Fat-1 group along with the protection against 

articular cartilage degeneration, synovial inflammation, and osteophyte formation 

provides evidence for AAV gene therapy as a potential therapeutic for the prevention of 

PTA. 
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There were some interesting correlations between histology, whole body 

measures, and lipidomics. The serum omega-6/omega-3 ratio positively correlated with 

the week 20 body fat percentage, indicating a relationship between the diet and the fatty 

acid concentrations in the body. The Mankin and synovitis total joint scores along with 

the synovitis and osteophyte total joint scores positively correlated with each other, 

indicating the interplay between these histologic measures and PTA disease progression.  

Anti-inflammatory gene therapy using the Fat-1 enzyme shows potential in 

reducing and preventing PTA symptoms following acute injury.  Previous arthritis 

studies utilizing the Fat-1 transgenic mouse have shown the efficacy of the Fat-1 enzyme 

to convert omega-6 fatty acids to create a potent anti-inflammatory environment. 

However, mammalian cells do not contain the Fat-1 enzyme, so a realistic delivery 

method must be established. Both intra-articular and systemic Fat-1 injections were 

examined in this study with promising results, but further optimization of the viral 

therapy is needed before translation into the clinic to prevent PTA. 
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5. Conclusions & Future Directions 

5.1 Conclusions 

This work examined the use of the Fat-1 enzyme, a desaturase that can convert 

omega-6 fatty acids to omega-3 fatty acids, as a potential therapeutic for the prevention 

of PTA. Our overall objective was to combine the protective effect of omega-3 fatty acids 

with gene therapy in order to deliver a vector capable of transducing cells with the Fat-1 

enzyme in vivo to prevent PTA.  

In our first study, we showed that the increase of omega-3 fatty acids in Fat-1 

male and female transgenic mice protected mice from PTA following DMM surgery on 

both control and high-fat diets. Fat-1 transgenic mice had reduced articular cartilage 

degeneration, reduced inflammation in the synovium, and lower osteophyte formation 

compared to WT controls. Fat-1 mice also had significantly reduced omega-6/omega-3 

ratios in the serum compared to WT mice. This study showed the utility of the Fat-1 

enzyme as a therapeutic solution for the reduction and prevention of PTA in both 

normal and obese populations.  

In our second study, we showed that in vitro LV transduction of the Fat-1 

enzyme was able to reduce the omega-6/omega-3 ratio in the presence of omega-6 

supplemented media, promoting an anti-inflammatory environment. We also showed, 

through a HA tagged LV-Fat-1 vector, that the Fat-1 enzyme is both intracellular and 
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extracellular, which could potentially alleviate tissue targeting issues with gene delivery. 

Finally, we showed that in vivo systemic delivery of the Fat-1 enzyme, using AAV, 

protected mice from PTA-related inflammation following DMM surgery on a high-fat 

diet. Mice had reduced synovitis and lower osteophyte formation compared to mice that 

received Luciferase (vector control), and trended towards reduced articular cartilage 

degeneration. Mice that received the systemic injection of Fat-1 also had significantly 

reduced omega-6 fatty acid levels in the experimental joint compared to the contralateral 

control limb. This anti-inflammatory gene therapy study utilizing the Fat-1 enzyme 

shows potential in reducing and preventing PTA symptoms following acute injury.   

5.2 Future Directions 

Previous studies utilizing the Fat-1 transgenic mouse have shown the efficacy of 

the Fat-1 enzyme to convert omega-6 fatty acids to create a potent anti-inflammatory 

environment [50-63, 65-73, 79-86, 95]. Based on the limited number of arthritis studies, 

the Fat-1 enzyme has the greatest impact after acute injury, where it helps to combat the 

inflammatory environment brought on by the release of IL-1, TNF-α, and other pro-

inflammatory cytokines [86, 95]. However, mammalian cells do not contain the Fat-1 

enzyme, so a realistic delivery method must be established. Both intra-articular and 

systemic Fat-1 injections were examined in this study with promising results, but further 

optimization of the viral therapy is needed before translation into clinical trials. 
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To date, no human clinical trials utilizing the Fat-1 enzyme have been performed. 

Clinical trials have confirmed the safety and efficacy of gene therapy in humans [28, 31-

36]. Long-term transgene expression has been established in animal models [29, 30], but 

would need to be studied in humans to determine whether the longevity of gene 

therapy would be extensive enough to prevent the onset of PTA, which tends to occur as 

early as 5 years following injury [120]. The use of gene therapy to deliver the Fat-1 

enzyme showed promise in the prevention of PTA, but further development of the 

dosage, route of administration, and durability of transgene expression needs to be done 

before transitioning this therapy from the benchtop to the clinic. 
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