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Abstract
The prevalence and economic stain of immune mediated inflammatory diseases (IMID) is rising.
To combat the population’s reliance on costly and potentially toxic pharmaceutical treatment,
natural dietary interventions have gained popularity. Conjugated linoleic acid (CLA) and trans-
11 vaccenic acid (TVA) are two abundant fatty acids in dairy fat that have been suggested as
effective dietary treatment options for IMID. There are potential health and cost savings
associated with increased population health through the exploration of CLA and TVA as dietary
therapies to prevent IMID altogether. The ability of these fatty acids to prevent IMID has barely
started to be explored.

IMID prevention studies with CLA have only used preparations containing a mixture of
the two common CLA isomers, CLA trans-10, cis-12 and CLA cis-9, trans-11. This combination
does not mimic typical dietary CLA consumption, and some of CLA’s effects are known to be
isomer specific. Therefore, studies in this thesis were conducted with pure isomer CLAt10c12 or
CLACYt11 preparations. To model IMID, this thesis utilizes the murine collagen-induced arthritis
(CA) model as a model of rheumatoid arthritis. Mice in this model are immunized twice, three
weeks apart, with chick collagen type II. For nine weeks after the secondary immunization mice
are monitored for arthritis symptoms, disease severity, anti-collagen antibody production, plasma
and paw cytokine levels, and hepatic fatty acid accumulation.

An initial experiment was performed in which 0.25% CLAt10c12 and 0.5% CLAc9t11
were fed to mice in the CA model starting either before the primary (CLAc9t11) or at the
secondary (CLAt10c12) immunization. Results from this study suggest that the CLA isomers
may differentially regulate arthritis incidence and severity through the regulation of T helper cell

(Th)1 or Th2 pathways. CLAt10c12 increased disease severity when fed starting at the secondary



immunization while CLAc9t11 prevented CA onset and increased the Th2 cytokines interleukin
(IL)-4 and IL-10.

In a follow up study, CLAt10c12 and CLAc9t11 were directly compared by feeding mice
dietary treatments containing 0.5% CLAt10c12 or CLAcOt11 starting three weeks before any
collagen immunization. Interestingly, both isomers decreased the incidence of CA by at least
39%, and CLAt10c12 further reduced disease severity in mice that did develop arthritis. It was
hypothesized that isomer specific polarization of T cell mediated immunity and attenuation of
the arachidonic acid cascade may have been responsible for these effects.

Humans typically consume CLA through dairy fat, which heavily favors the CLAc9t11
isomer. Diary fat also contains abundant levels of TVA, the metabolic precursor to CLAc9t11.
TVA deceases CA severity when fed after disease onset, but it is unknown if these effects are
due to TVA itself or because of its conversion to CLAc9t11. A study was performed in which
arthritic mice were fed 0, 0.25, 0.5, or 1% dietary TVA with and without the presence of a delta-
9 desaturase inhibitor, cottonseed oil. This study demonstrated that TVA may have a lower than
previously identified anti-inflammatory dose, and its effects on CA are linked to its conversion to
CLACYt11. A final study was conducted to assess the ability of a 0.5% dietary TVA to prevent
CA. TVA reduced arthritis severity 29%, and had similar effects on CA as CLAcOt11.

CLAt10c12, CLAcOt11, and TVA decreased CA incidence by a minimum of 29% when
fed prior to disease onset. CLAt10c12 was the only dietary treatment that decreased disease
severity in mice with active CA. A lower minimum effective dose of 0.25% TV A was identified
in mice treated after CA onset, but further exploration into minimally effective doses of these

fatty acids in both treatment and prevention of IMID is require. These findings further support



the role dairy fat, enriched for maximum CLA and TV A content, can play as both a treatment

and preventative for IMID.



Acknowledgements

Thank you Mark Cook for everything you put into this project. Your inspiration and
guidance along this journey will never be forgotten.

To my committee, specifically to Christopher Bradfield, thank you for stepping up in
Mark’s absence and for all your guidance as program director. As well as Charles Czuprynski,
James Ntambi, Dhanansayan Shanmuganayagam, and Joshua Mezrich, thank you for all of the
guidance along the way.

Thank you to all the staff that help me accomplish this goal, specifically the Animal
Sciences department including: Thomas Crenshaw, Dianne Raschka, Kathy Monson, and Minh
Ngo. Molecular and Environmental Toxicology program advisor Mark Marohl, thank you for
being a source of encouragement and answering all of my logistical questions. Thank you to all
of the animal care staff including: Angel Gutierrex-Velin, Dawn Irish, Terry Jobsis, Ryan Curtis,
and Micaela Erickson.

To the Cook Laboratory, without you I would never have got to this point. Maria, who
else would have listened to all my planning, worrying, and chatting, it was amazing to share a
desk with you. Jake, thank you for welcoming me to the laboratory, sharing your experiences and
advice, and for all the fun; it has made me both a better person and scientist. Jordan, thank you
for the encouragement and always lightening the mood. Jason, thank you for your help and for
teaching me about chickens and China. Dan, thank you for developing this model and your
guidance in the laboratory. Thank you to all of the undergraduates, specifically; Daniela for
putting up with me the first year, Anna for all your hard work, David for your positive attitude,
and Hunter for your amazing independence. Altogether the Cook Laboratory experience is one I

will never forget.



I would like to acknowledge the educators who taught and encouraged me in this journey.
Mr. Hibbard, Mr. Sievert, and Mrs. Schmidt for inspiring a love for science that only grew. Mr.
Leland, Sefior Nelson, and Mrs. Bailey for never letting me stop writing. As an undergraduate
the support from Dr. J Johnson, Dr. D Johnson, Dr. Oakes, Ken Niemeyer, and the rest of the
Pharmacology and Toxicology program was truly my foundation to reach this point. To my
undergraduate research mentor, Dr. Barlow, you were a true inspiration for my choice to pursue
graduate school and your help is unforgettable.

Thank you to the WiSolve board of directors and consultants for the support along this
journey; it was a great experience shaping this company with you. Thank you to all of the friends
I have made along this journey, whether from high school, college, work, or triathlons, your
support and encouragement as always pushed me forward and kept me sane.

Finally, I want to thank all of my family for everything involved in getting me to this
point and beyond. My parents, Melanie and Dan, for always supporting my decisions and my
work. To Robbie for being there for me throughout this whole process, as a boyfriend, fiancé,
husband, and even a laboratory assistant. James, I could not have made it through Madison
without you joining me in this amazing city; I am so glad we get to share a graduation date.
Faith, for your support as a sister and friend; I am so happy we only grow closer as time
progresses. To Bob and Joanne, for always being so supportive and welcoming me into your
family. Becky, without you as my best friend I never would have got here. Ryder, [ am so glad
you joined our lives; you were such a motivation to complete this process.

Thank you to anyone I missed for supporting me during this time. Thank you everyone
for the support, love, and kindness; you truly made this an incredible experience; I could not

have completed it without you!



Vi

Table of Contents
ADSIFACTccuuiriinirinintiiistiinsnticsstticssstecsssnesssssesssssessssessssssessssssssssesssssssssssesssssssssssesssssssssssessssnsssssssssses i
ACKNOWICAZEIMENLS ..cuuerieueriiiniiiinrinisnnenssnnccsssnesssncssssecssssscssssssssssessssessssssssssssssssssssssssssssssssssssses iv
LSt Of TADIES cuueerenericniiiiiiiniiriniininitiensnicssssicssssncssssecsssnssssssesssssesssssesssssssssssesssssssssssssssssssssssses Xii
LSt Of FIGUIES..cciiuiiiiiiiiiniiiitiininiininnicinncsssncsssncssssecssssesssssssssssssssssssssssssssssessssssssssssssssssssssses Xiv
ADDIeviations LiSt....ueiciiiiniiiisiinisiiiniseicnsnicnsnicssnicsssnecssssesssssssssssessssssssssessssssssssssssssssssssass xvii

Chapter 1: A review of the literature: History of conjugated linoleic acid and trans-11 vaccenic

acid as treatments for immune mediated inflammatory diseases and their futures as preventative

TETAPICS. seesrnressresssrsssrsssansssssssssssssossassssssssasssssessassssssssassssssssassssssssssosssssssssssssssssssssessassssssssassssssssasssss 1
L1 INErOAUCTION ..ottt ettt et eeees 2
1.2 Mixed Isomer Conjugated Linoleic ACId .........cccvevvieriieiiieiieeieeiecie et 4
1.3 Conjugated Linoleic Acid t7ans-10, Cis-12.......ccceevieriieiiiinieeieeieeeie e 5
1.4 Conjugated Linoleic Acid cis-9, trans-11......c..cccevvieviieiiiinieeiieiieeieeeeeee e 7
1.5 Trans-11 Vaccenic ACIA .......cocueiiiiiiiiiiiiiieeeeeee ettt 9
1.6 The Next Steps: Moving from Treatment to Prevention .............cccoeeeveeevverniieeninens 11
L7 FRUIES...eeeenieeeiee ettt ettt ettt e et e e et e e s te e e e sbee e sbeeenssaeenssaeensseeensseennneeennseeenns 13
1.8 RETETEINCES .....eeneieeiiieite ettt et e 16

Chapter 2: Dietary Conjugated Linoleic Acid-c9tl1 Prevents Collagen-Induced Arthritis,

whereas Conjugated Linoleic Acid-t10c12 Increases Arthritic SEVETity. ueeeeeesssessessssssssasssssessass 28
2.1 ADSTIACT ..ttt et ettt ettt st eas 29
2.2 INTrOAUCTION ...ttt ettt ettt e bt et esate et enaeeens 30

2.3 Materials and IMETROUS . .....oeveeeieeieeeeeeeeee ettt eeeeeeeeeeeeeeeeeaeeeneaeeeeeeennenne 32



Vi

Collagen-induced arthritis MOAeL. ................cccooveeiiieiiinieeiieeie e 32
CLiniCAl QPIATITIC SCOT. ...ttt 33
Plasma collection and preparation. ................c.ccceeveecieeiieeceesieesieeneenreeseesaeens 34
Plasma anti-CII antibody ELISA. ...........cccooovuiiiieiiieeiieeieeieesiie e esiaeeaeens 34
CYLOKING ANALYSIS. ...ooeeeeeeieeeee ettt ettt ettt ettt ebee e ebaeensaens 35
Hepatic fatty acid determination. ..............c.cccoeeeeeiieecieniieeiieesiesieeseeeveesineeaeens 35
StAISEICAL ARALYSIS. ....oeeeeeeieieeeeee ettt e 36
24 RESUILS ..ottt ettt et et sttt 36
Experiment 1. CLAt10c12 and arthritis incidence/score................ccccevcuveecueeunnn. 36
Experiment 1. CLAt10c12 and anti-CII antibodies. ................cccoeevevceencuvennenannn. 37
Experiment 2. CLAc9t11 and incidence/SCOre. ...........ccocvuuecueesoeeeceesieenreennennaans 37
Experiment 2. CLAc9t11 and anti-CII antibodies. ..............cccccoeeevevceencuienneannnns 38
Experiment 2. CLAc9t11 and paw CYLOKINES. ............ccouevueecieesieniiesiieeieeniieeaens 38
Experiment 2. CLAc9t11 and hepatic fatty acids.............ccococvveevcenvuincecnencucnnnns. 39
2.5 DISCUSSION ..cetieniieeiieeiie et e ite et et et e et e et e e stte e beesaeeeabeesseeenseasnbeenseesabesnseesnseenseesaseans 39
2.6 ACKNOWIEAZMENLS........ooiiiiiiiiiiieie ettt et ettt et ens 44
2.7 TADBLES ...ttt ettt ettt et et e et e st e e bt e snbeebeesaaeens 46
2.8 FIGUIES. ..ottt ettt ettt ettt et e ettt estt e e bt e s st e et e e sateenbeesnbe e bt e sabeeabeesnbeebeesnteens 53
2.9 REICTEINCES ... ittt ettt ettt e et e st e e be e st e e bt e sneeenseesaeeens 57

Chapter 3: Conjugated linoleic acid isomers trans-10, cis-12 and cis-9, trans-11 prevent
collagen-induced arthritis in @ dir€Ct COMPATISON. ceevuresrrsssressersssrsssssssrssssssssssssssssssssssssssssassosasese 66
3T ADSTIACE ...ttt ettt ettt et sae e 67

3.2 IIEEOAUCTION ..ottt e e e e e e e e e e e e aee e e e e e e eae e aaeeeeeeeeaeneaaaaeaaeeeeees 68



viii

3.3 Materials and MethOds...........coiiriiiiiiiiiiiieeieee e 69
CLiniCAl QPIATITIC SCOT. ...ttt 71
Paw thickness measurements. ..............cccoceecereuerieneioiinieneee et 71
Plasma collection and preparation. ...............cc.ccceeeveecieeceeecieesieesieeneeseeeneeeseens 71
Paw tissue collection and cytokine extraction. ...............ccecceeveveeeeevieenceeesinennnns 72
CYLOKING ANALYSIS. ...ooeeeeeeeeieiieee ettt ettt ettt bte e esaeeasaens 73
Hepatic fatty acid determination. .............cc.cccoeeeeviieeciesiieeiiiesieeeeseeeieeseeeaeens 73
StAISEICAL ARALYSIS. ..ottt et 73
34 RESUILS ..ottt ettt sttt 74
Collagen-induced arthritis iNCIAENCE. ..........cccccveveeeceianieeiiieeieeieeeie e 74
AFERFIEIC SEVOFTLY. ..ottt ettt ettt ettt e sabeenseasnseensees 74
Collagen IGG ANLIDOAIES. ............c..ceceeeeeeciiaeieeiieeiie ettt eate e sae e ens 75
Plasma CYLOKINES. ........ccuoeviieiiieiieiiieeieeie ettt ettt s saeeaeens 75
PAW CYIOKINES. ...t 75
Hepatic fatty ACIAS. ...........ccooevieiiiiiieiieie ettt 76
3.5 DASCUSSION ...ttt ettt ettt et ettt et e st e et e st e ebeesateeabeesabeenbeesabeenseaenseenseesnseenseannne 76
3.6 ACKNOWIEAZMENTS.......oiiiiiiiieiiieit ettt e 80
3.7 TABIES ...ttt ettt ettt e bt et e et s ateeneeenee 81
B8 FiUIES. ..ttt ettt ettt et ettt et e e bt et e ebeesabeeneeenee 84
3.9 RETETEICES ...ttt ettt ettt et s e et e s et e e bt e st e et esaeeeneeenee 87

Chapter 4: Trans-11 vaccenic acid decreases the severity of murine autoimmune arthritis, in part
due to its conversion to conjugated linoleic acid cis-9, (7ans-11..ienvisseessercsenssencssecssssesanens 95

Q1 ADSITACT ..o e e e e e e e e et a e e e e e et ———aaeeaee e ———————————aaeveaan——— 96



4.2 TIOAUCTION ...ttt ettt ettt sttt et st et e b sbeesbeeneeeaeens 97
4.3 Materials and Methods............ooiiiiiiiiiiiiee e 99
Collagen-induced arthvitis MOdel. .................cccoocveicuieiieniiieiieiieeceeee e 99
CLinical QUERTTHIC SCOT@. ....c..oovueeeiiiiiiieeieeest et e 100
DIiEtATY TFEAIMENL. ...ttt ettt ettt esaee e 100

Paw thickness MeasUrements. ..............cceceeeereererieseeieneene et 100
Hepatic fatty acid determination. .................ccoccueeceeneeeiieniieeiieenieeeieeneeseeeneees 101
StAISEICAL ARALYSIS. ...ooeeeeeeeiieieeeee ettt sttt 101

A4 RESUILS ..ottt sttt 102
Collagen-induced arthritis iNCIAENCE. ...........ccoeveueeveeeiieiieeieeieee e 102

BOAY WEIGRAL. ...ttt e st 102
AFERFIEIC SEVEFTLY. vttt ettt ettt te et e st e esaeenbeenseenens 103
Hepatic fatty ACIAS. ..........ccoueveueeiiieiieeeee ettt st eees 103

4.5 DISCUSSION ..cutiieitieiteette ettt et te ettt et e ettt et e st e ebeesateeabeesateebeesabeenseasaseenseesnseenseasaneenseas 104
4.6 ACKNOWIEAGMENLS........ooitiiiiieiiiiiiee ettt st e e e 106
AT TADLES ..ot ettt ettt ettt et e beeenreeteas 107
A8 FIGUIES. ... euteeiieette ettt ettt et e sttt et e st et e e sat e e bt e s abe e bt e sabeenbeaeabeenbeesnbeenbeeenneenseas 112
4.9 REICTEINCES ... eientieiee ettt ettt ettt et e st e et e st e e e e sabeebeesneeenneas 113
Chapter 5: Trans-11 vaccenic acid prevents collagen-induced arthritis. eoeeeeeeseesecseecsessaecsneens 120
ST ADSITACE ...ttt et ettt e be e e nbeebeeeabeens 121
5.2 INETOAUCTION ....euiieiie ettt ettt et ettt et e et e et eeabe e bt e enbeenbeesaeeens 122
5.3 Materials and MethOdS.........coouiiiiiiiiiiieieee e 123

Collagen-induced arthritis MOdel. .................ccccccccveiveniinoiinieiiniineeeeeeeeees 123



AVERTILIS ASS@SSMENL. ...ttt ettt sttt st 124
Plasma collection and preparation. ..................ccecceeeeeeeceesceeeceesieeeeeneeeeeeneees 125
Plasma anti-CII antibody ELISA. ...........ccccoocueioiieiieiieeiieeieeieesie e 125
Hepatic fatty acid determination. .................ccoeeeeeeeneeeiienieeiieenieeeieeneeeeeeneees 125
StALISEICAL ARALYSIS. ...oo.eeeeeeiieieeeeeee ettt ettt ens 126

54 RESULLS ..ottt ettt st 126
Collagen-induced arthritis iNCIAENCE. ...........ccoeveueecieeiieiieeieeieeie e 126
Collagen IZG ANLIDOMIES. ..............c.ccccueeeueeeiieiieeieecieeee et 127
Hepatic fatty ACIAS. ..........ccoueeueeiiieiieceeee ettt ettt 127

5.5 DISCUSSION ..ttt ettt ettt b ettt be et st sb et e e sbeebe et e sae e beenees 127
5.6 ACKNOWIEAZMENLS.......eoiiiiiieiieeii ettt ettt ettt e bee s eeeebaesaseens 129
5.7 TADIES ..ottt ettt 130
S8 FI@UIES .. cutieiiieiieeie ettt ettt ettt et et e et e et e eabe e bteesbe e beeenbeeseeenbeensaeenbean 133
5.9 RETETEICES .. ..ottt ettt et ettt et e et et eeabe e bt e e nbeenbeesnbeens 134
Concluding Remarks and Future Directions .........cccceveeeeveicssericssnncsssnrcssnncssesssssssssssssssssseses 139

Appendix A: Collagen-induced arthritis weakens the gastrointestinal barrier, while conjugated

linoleic acid cis-9, trans-11 provides ProteCtiON. wueeeeesseesssresseesssssssnessssssssesssssssssssssssssssssssssssssse 140
AT ADSITACT ...ttt ettt ettt ettt ettt et 141

A2 INEOAUCTION ...ttt ettt 142

A.3 Materials and MethOods........cc.coouiiiiriiiiiiiiiie e 143
Collagen-induced arthritis MOdel. .................cccccccvveiveniiniininieneiienieneceee 143

Clinical @FrtAFITIC SCOT@. .........oocueeieiieiieee ettt 144

FITC and horseradish peroxidase oral gavage. .................cccoceveeevceeeucneencnnnns 145



xi

FITC MEASUFOIMENL. ...ttt sttt 145
HRP ELISA. oottt ettt st 145
Intestine collection and Periodic Acid Schiff and Alcian Blue staining. ............ 146
PAS/AB image collection and analySis. .............cccccueeeeeciencieeceeenieeieeieesieeeens 146
StAtISEICAL ARALYSIS. ....oeeeeeieiieieeeeceeee ettt et ens 147
ALA RESUILS ...ttt ettt s 147
CLiniCal QPIAFIIC SCOT@. ..ottt 147
Plasma FITC CONCENIIALION. ..........cceevueeeiniesieeiesteieeeesie ettt 148
Plasma HRP CONCONIFALION. ...........cccceueeeeriesieeiisiesieeiesitesie et 148
PAS/AB iMaAZE ANALYSIS. ....c..eoeeeeiieeiieiieeie ettt et 148
ALS DISCUSSION ...ttt sttt ettt ettt ettt sb ettt sbe et st e sbe e e eatesbeenee 148
A6 ACKNOWIEAZMENLS........eiiiiiiiiiciieiie ettt ettt et e sabe e e e 150
ALT TADLES ..ttt et 151
AL FIGUIES ..ottt ettt ettt e et e st e et esae e et e s ateenbeeenee 155

ALLD REIETEIICES ..ot e e e e e e e e e e e eeeeee e e e e eaae e aaaeeeeeeeeananaas 158



xii

List of Tables
Chapter 2:
Table 1: Composition of experimental diet contents used in experiment  and 2 ......... 46
Table 2: Fatty acid composition of dietary lipid sources ..............cooevieiiiiiiiieinn... 47

Table 3: Experiment 1. Overall mean arthritis incidence and score of mice fed CO or
CLALLOCTZ e e 48
Table 4: Anti-collagen type II IgG concentration (pg/ml) 35 days post primary collagen
TMIMUNIZATION © ottt et ettt e ettt et e e aaens 49
Table 5: Experiment 2. Overall mean arthritis incidence and score of mice fed CO, or
CL AL e 50
Table 6: Anti-collagen type II IgG concentration (pg/ml) at study end, day 70 for mice
that never developed arthritis or AD 7 for arthriticmice ...............cooiiiiiiiiiiii. 51
Table 7: Relative hepatic fatty acid compositions of arthritic, non-developed, and sham
mice fed corn oil or CLAc9t11 dietary treatments ............cooooeviiiiiiiiiiiniinenn... 52
Chapter 3:
Table 1: Maximum arthritis incidence 63 days after primary immunization and clinical
arthritic score, normalized score, paw thickness, and normalized paw thickness at arthritic
day 7 for mice fed 1% corn oil, 0.5% CLAt10c12, or 0.5% CLAc9t11 diets .............. 81
Table 2: Anti-collagen type II antibody titers of arthritic mice at arthriticday 7 .......... 82
Table 3: Hepatic fatty acid profiles of arthritic mice at arthritic day 7 and of sham mice at
the end of the study period, 63 days after primary immunization ........................... 83
Chapter 4:

Table 1: Fatty acid composition of dietary lipid sources ..............ccoevvviiiiiiinnnn... 107



xiii

Table 2: Mean body weight of arthritic mice, by dietary treatment group, from arthritic
day 00 63 10 GLAIMS ... ouuiitiitt ettt et e eaaa s 108
Table 3: Mean normalized clinical arthritic score, by dietary treatment group, from
arthritic day 0 10 63 ...t 109

Table 4: Mean normalized paw thickness, by dietary treatment group, from arthritic day 0

Table 5: Hepatic fatty acids of arthritic mice at end of the study period (arthritic day 63,

nine weeks after initiation of TVA treatment diets) ...............ccociiiiiiiiiiiiiiinians, 111
Chapter 5:

Table 1: Maximum arthritis incidence 63 days after primary immunization and clinical

arthritic score, normalized score, paw thickness, and normalized paw thickness at arthritic

day 7 for mice fed 1% corn 0il or 0.5% TVA ... oo 130

Table 2: Anti-collagen type II antibody levels of arthritic mice at arthritic day 7 ....... 131

Table 3: Hepatic fatty acid profiles of arthritic mice at arthritic day 7 and of sham mice at

the end of the study period, 63 days after primary immunization .......................... 132
Appendix A:
Table 1: Clinical arthritic score of mice that developed arthritis ............................ 151

Table 2: Plasma FITC concentration, normalized to pre-arthritis onset, for arthritic and
sham mice fed 6% corn oil or 0.5% CLAc9t11 and 5.5% cornoil ......................... 152
Table 3: Plasma HRP concentration, normalized to pre-arthritis onset, for arthritic and
sham mice fed 6% corn oil or 0.5% CLAc9t11 and 5.5% cornoil ......................... 153
Table 4: Mucin stained area of gastrointestinal colon sections, stained with PAS/AB, of

arthritic and sham mice at the end of the study period ...................... 154



Xiv

List of Figures

Chapter 1:
Figure 1: Percent reduction in normalized collagen-induced arthritis severity of mice fed
diets containing CLAt10c12 or CLAc9t11, supplemented at the expense of corn oil (CO),
compared to a 6% CO control diet. ..........ooouiiiiiiiii i 13
Figure 2: Percent change in plasma cytokine concentration after dietary supplementation
with 0.5% CLAt10c12 and 5.5% corn oil compared to a 6% corn oil diet. ................ 14
Figure 3: Percent change in plasma cytokine concentration after dietary supplementation
with 0.5% CLACc9t11 and 5.5% corn oil compared to a 6% corn oil diet. .................. 15

Chapter 2:
Figure 1: Illustration of experimental designs. Both studies utilized the collagen induced
arthritis (CA) model. ... 53
Figure 2: Experiment 1. Arthritis incidence and absolute or normalized arthritic score of
arthritic mice fed diet supplemented with 1% CO or 0.25% CLAt10c12 beginning at
secondary inoculation with chick collagen type IL. ..., 54
Figure 3: Experiment 2. Arthritis incidence and absolute or normalized arthritic score of
arthritic mice fed diet supplemented with 1% CO or 0.5% dietary CLAc9t11 three weeks
prior to immunization with chick collagen type IL. ................ 55
Figure 4: Paw extract concentrations of interleukin (IL)-2 (a), IL-12 (p70) (b), interferon
(IFN)y (c), IL-4 (d), IL-5 (e), and IL-10 (f) in ng/g protein of sham mice fed CO or
CLACcY9t11 fed mice and arthritic mice fed CO or CLACOtI1. ......oooiiiiiiiiiiiiiiiiin. 56

Chapter 3:



XV

Figure 1: Arthritis incidence of mice fed diets supplemented with 1% corn oil, 0.5%
conjugated linoleic acid (CLA) t10c12, or 0.5% CLAcOt11 starting three weeks prior to
immunization with chick collagen type II. ... 84
Figure 2: Plasma concentrations of interleukin (IL)-2 (a), interferon (IFN)y (b), tumor
necrosis factor (TNF)a (c), and IL-10 (d) in ng/L of sham and arthritic mice fed 1% corn
oil, 0.5% CLAt10c12, or 0.5% CLACc9t11 three weeks prior to immunization with chick
collagen type 11, ..o e 85
Figure 3: Paw extract concentrations of interleukin (IL)-2 (a), interferon (IFN)y (b),
tumor necrosis factor (TNF)a (c), and IL-10 (d) in ng/g protein from sham and arthritic
mice fed 1% corn oil, 0.5% CLAt10c12, or 0.5% CLACc9t11 three weeks prior to
immunization with chick collagen type II. ..., 86
Chapter 4:
Figure 1: Regression of mean normalized clinical arthritic score at arthritic day (AD) 63
and hepatic CLACOtIT (R2=0.001). ..couiiiriiiiii e e e 112
Chapter 5:
Figure 1: Arthritis incidence of mice fed diets supplemented with 1% corn oil (CO) or
0.5% trans-11 vaccenic acid (TVA) starting three weeks prior to immunization with chick
COllagen tyPe L1 ... e 133
Appendix A:
Figure 1: Plasma FITC concentration, normalized to pre-arthritis onset, for arthritic and
sham mice fed 6% corn oil or 0.5% CLAc9t11 and 5.5% cornoil. ........................ 155
Figure 2: Plasma HRP concentration, normalized to pre-arthritis onset, for arthritic and

sham mice fed 6% corn oil or 0.5% CLAc9t11 and 5.5% comoil. ........ccevvvvevnn.... 156



XVi

Figure 3: Periodic acid-Schiff/Alcian Blue stained gastrointestinal colon sections of

arthritic and sham mice at the end of the study period. ......................ool. 157



Abbreviations List
AA: arachidonic acid
AD: days post arthritis development
CLA: conjugated linoleic acid
CLACYt11: conjugated linoleic acid cis-9, trans-11
CLAt10c12: conjugated linoleic acid trans-10, cis-12
CA: collagen-induced arthritis
CAS: clinical arthritic score
CO: corn oil
COX: cyclooxygenase
CSO: cottonseed oil
CII: collagen type 11
cOtl1: cis-9, trans-11
DGLA: di-homo gamma linoleic acid
DHA: docosahexaenoic acid
EDTA: ethylenediaminetetraacetic acid
EPA: eicosapentaenoic acid
FAME: fatty acid methyl esters
FITC: fluorescein isothyocyanate-dextran
IFN: interferon
Ig: immunoglobulin
IL: interleukin

IMID: immune mediated inflammatory diseases

XVii



XViii

HRP: horseradish peroxidase

LA: linoleic acid

NF: nuclear factor

ND: non-developed

NSAID: non-steroidal anti-inflammatory drug

NZB/W F1: F1 hybrid New Zealand Black and White cross
n/d: not detected

PAS/AB: Periodic acid-Schiff and Alcian Blue staining
PG: prostaglandin

PPAR: peroxisome proliferator-activated receptor

RA: rheumatoid arthritis

SCD-1: stearoyl CoA desaturase

SEM: standard error of the mean

TFF: trefoil factor

Th: T helper cell

TNF: tumor necrosis factor

TVA: trans-11 vaccenic acid

t10c12: trans-10, cis-12

2°: secondary



Chapter 1:

A review of the literature:

History of conjugated linoleic acid and frans-11 vaccenic acid as treatments for immune

mediated inflammatory diseases and their futures as preventative therapies.



1.1 Introduction

Immune mediated inflammatory diseases (IMID) are a type of chronic inflammatory conditions
that can be detrimental to human health, and often go undiagnosed or untreated. Approximately
32% of the United States population suffers from chronic inflammation, characterized by non-
resolving activation of the immune system [1]. IMID are propagated by both the innate and
adaptive immune systems, which can inhibit the body’s ability to maintain homeostasis [2]. This
review will focus on the autoimmune condition rheumatoid arthritis (RA), as a model for IMID.
RA is characterized by persistent swelling of the synovial joints and is associated with weight
loss, disability, and mortality [3]. RA affects between 0.5 and 1% of the population in developed
nations [4], and is a major health and economic burden. There is a 60 to 70% increase in
mortality risk in RA patients compared to the general population [5], and, in 2005, the annual
societal cost of RA was estimated at $39.2 billon [6]. The extensive morbidity and costs
associated with RA and other IMID make finding effective treatments essential, especially
considering these diseases require chronic care management.

Murine collagen-induced autoimmune arthritis (CA) provides a mode for RA, as immune
activation is brought on by a loss of self-tolerance at a targeted tissue and, if untreated,
inflammation will continue unresolved. In the CA model, mice are immunized against chick
collagen type II resulting in the development of arthritis [7]. The CA model was instrumental in
the development of pharmaceuticals including anti-tumor necrosis factor (TNF) a [8], anti-
interleukin (IL)-1 [9], and some non-steroidal anti-inflammatory (NSAID) drugs [10]. These
drugs can have significant side effects and are not recommended for prolonged use [11]. In

addition to the negative side effects of biological or pharmaceutical agents, the high prevalence



and economic strain of RA increases the need for interventions, like dietary treatment, that are
more cost effective and have less adverse health effects.

Initially omega-3 polyunsaturated fatty acids, including eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA), were explored as dietary treatments for IMID [12]. These fatty
acids incorporate into membranes at the expense of arachidonic acid (AA), and compete with the
enzymes responsible for the metabolism of AA to inflammatory mediators [13, 14]. EPA and
DHA also decrease leukocyte chemotaxis, expression of major histocompatibility complex II,
and production of pro-inflammatory cytokines [15—17]. RA clinical trials with dietary fish oils,
which have high EPA and DHA content, reported an average decrease of 26% in arthritic
severity [18-20], and a reduction in NSAID usage [21]. An anti-inflammatory threshold of
2g/day of EPA and DHA through fish oil supplementation has been suggested [13]. The high
quantity of fish oil required for an anti-inflammatory benefit along with the associated cost,
amount of pills, and fishy taste results in a low compliance rate for EPA and DHA
supplementation [22, 23], and has increased interest in exploring other anti-inflammatory dietary
treatment options.

The use of conjugated linoleic acid (CLA) and dairy fat as dietary anti-inflammatory
agents has increased over recent years. CLA typical refers to a 50:50 mix of the two most
prevalent isomers, CLA trans-10, cis-12 (t10c12) and CLA cis-9, trans-11 (c9t11) [24]. This
mixed isomer CLA is the form commonly sold as a health supplement marketed for weight loss
[25]. CLA is also consumed through the intake of ruminant lipids, which contain CLAt10c12 at
1.4 -3.5% and CLACcOt11 at 96.5 - 98.6% of total CLA [26]. CLA was first identified in dairy fat
in 1933 by Booth et al. [27] because of its interference with determination of vitamin A content.

In 1987, Mike Pariza, at the University of Wisconsin-Madison, identified anti-carcinogenic



properties of CLA [28]. The effects of CLA on immune modulation were first identified by Mark
Cook and Mike Pariza in 1994, when day old chicks fed 0.5% CLA gained weight and had
elevated immune responses to sheep red blood cell immunization and endotoxin challenge,
compared to chicks fed a corn oil (CO) or fish oil based diet [29, 30]. Today CLA has many
known health benefits, including being anti-carcinogenic [28], anti-atherosclerotic [31], and anti-
inflammatory [30]. This review will explore research that examines CLA and dairy fat’s value in

treating IMID.

1.2 Mixed Isomer Conjugated Linoleic Acid
The first dietary treatment studies with CLA used mixed isomer preparations that typically
contained a 20/80 to 50/50 mix of CLAt10c12 and CLAc9t11. These mixed isomer preparations
demonstrated anti-inflammatory effects in a variety of diseases including obesity [32],
inflammatory bowel disease [33], and rheumatoid arthritis [34]. CLA modulated both the innate
and adaptive immune response through cytotoxic T cells, cytokines, macrophages,
immunoglobulins, prostaglandins, and other immune mediators [35, 36]. Specifically, CLA
decreases the pro-inflammatory cytokines TNFa, interferon (IFN)y, IL-1p, and IL-6 [37]. One
suggested mechanism through which cytokine modulation may occur is through nuclear receptor
peroxisome proliferator-activated receptor (PPAR)y, which is known to regulate transcription
factors including nuclear factor (NF)-«xB [33, 38]. The PPARy pathway is linked to severity of
mouse CA and agonists of this pathway, such as CLA, reduced arthritis severity through the
downregulation of NF-«B and associated pro-inflammatory cytokines [34, 38—40].

The modulation of PPARYy, NF-«kB, and cytokines may play a role in the 70% reduction

in CA severity Hubner et al. [34] observed after feeding mice 1% mixed isomer CLA (P = 0.04).



Analysis of paw thickness and joint histology supported the reduction of arthritis severity in
CLA fed mice (P = 0.03 and P = <0.0001, respectively) [34]. No differences in anti-collagen
immunoglobulin (Ig)G levels were observed; however, the pro-inflammatory cytokine IL-13 was
reduced in the plasma of CLA fed mice compared to those fed CO (P = 0.07). Few human
clinical trials assessing CLA’s anti-inflammatory effects in RA have been performed. Aryaeian
et al. [41] fed a 2g/day mixed isomer CLA supplementation to RA patients and saw a reduction
in RA severity as well as NSAID and glucocorticoid use over three months.

Some of CLA’s effects appeared to be isomer specific. For example, CLAt10c12 is
linked to lipolysis and fat oxidation [42], while CLAc9t11 modulates the immune system to a
greater extent [43]. CLAt10c12 is additionally associated with impaired glucose and insulin
tolerance [44]. Studies with mixed isomer CLA make it difficult to determine any isomer
specific effects. The value of a purified isomer study is increased by the fact that natural CLA
sources, ruminant lipids, contain CLA that is 96.5-98.6% CLAc9t11 [26]. Dairy fat also contains
trans-11 vaccenic acid (TVA), which is enzymatically converted to CLAc9t11 by delta-9
desaturase [45]. The varied mechanisms of action between CLA isomers, potential negative
effects associated with CLAt10c12, and the natural abundance of CLAc9t11 has pushed anti-

inflammatory CLA research to focus on the study of the CLA isomers individually.

1.3 Conjugated Linoleic Acid trans-10, cis-12

CLAt10c12 is primarily a synthetic product and only present in natural CLA sources at 0 to 6%
of total CLA [26]. This isomer is often implicated for use in weight loss because of its anti-
adipogenic effects; however, these effects are linked to impaired glucose and insulin tolerance

[42, 44]. CLAt10c12 is also know to inhibit the delta-9 desaturase, stearoyl Co-A desaturase



(SCD)-1, and reduce hepatic apolipoprotein B secretion [46]. When it comes to inflammation,
CLAt10c12 reduces cyclooxygenase (COX)-2 expression through the NF-«B pathway, which is
known to regulate inflammatory cytokines [47, 48]. Cytokine modulation may vary between the
two CLA isomers; for example, CLAt10c12 reduced TNFa to a lesser extent than
CLACYt11[49].

In the CA model of arthritis, diet containing 0.5% CLAt10c12 and 5.5% CO, fed starting
at the onset of arthritis symptoms (arthritic day (AD) 0), decreased the change in arthritic
severity by 93% compared to a 6% CO control diet (Figure 1) [34]. Hubner et al. [50] performed
a dose response study, in the CA model, with 0.125, 0.25, 0.375, and 0.5% dietary CLAt10c12
supplementation, starting at AD 0. In this study, severity decreased between 93% and 99%
compared to a 6% CO diet (Figure 1). Compared to CLAc9t11 or dairy fat supplementation,
CLAt10c12 resulted in the highest reduction in arthritic severity.

Two studies have fed 0.5% CLAt10c12, from AD 0 to 84 days, and quantified treatment
effects on plasma cytokine levels over time (Figure 2) [34, 50]. CLAt10c12 decreased pro-
inflammatory IL-1, IL-6, and TNFa, and increased levels of the anti-inflammatory cytokine IL-
10 compared to CO [34, 50]. IL-1PB and TNFa levels are decreased the most between AD 21 and
42 in CLAt10c12 fed mice compared to CO [34, 50]. IL-6 levels were the most reduced at AD 7
and 14, and then declined over time [34, 50]. IL-10 levels in CLAt10c12 fed mice were
increased at each time point with the highest increase compared to CO at AD 84 [34, 50]. While
onset of arthritis impacts cytokine profiles over time, this data supports the correlation between
decreased pro-inflammatory cytokines, increased anti-inflammatory cytokines, and the reduction
of arthritic severity due to CLAt10c12 treatment. A dose response study with CLAt10c12

demonstrated a dose dependent decrease in plasma IL-1p, and paw IL-1B, TNFa, and increased



plasma IL-10 levels [50]. The change in arthritis severity and cytokine levels at the lowest dose
of CLAt10c12 fed, 0.125%, was still considered biologically relevant (P = 0.002) [51]. A dose
response study for CLAt10c12 has never been carried out beyond the 0.125% dose, and is
needed to identify a true minimum effective dose.

A 0.125% dose of CLAt10c12 is equivalent to a human intake of 3g CLAt10c12/day
(using Kleiber’s law for a 70kg person and 30g mouse) [52]. With dairy fat containing < 1.1g
CLAt10c12/kg fat, a person would need to consume about 2.73kg of dairy fat daily to receive a
beneficial anti-inflammatory CLAt10c12 dose [53]. This amount of dairy fat consumption is not
recommended; therefore, dietary supplements, which typically contain 400mg CLAt10c12/g,
would be the easiest way achieve the anti-inflammatory CLAt10c12 daily dose. However,
compliance with dietary supplements long term is often low, and, as mentioned, there are
negative anti-adipogenic effects associated with this much CLAt10c12 intake. Possible
mechanism differences, side effects, and the low natural abundance of CLAt10c12 have

increased interest in exploration into CLAc9t11’s anti-inflammatory benefits.

1.4 Conjugated Linoleic Acid cis-9, trans-11

Another common CLA isomer is CLAc9t11, and dietary intake of this isomer is much greater
than that of CLAt10c12 [26]. The Cook laboratory has demonstrated a greater than 60% decrease
in arthritic severity (normalized to AD 0) with as low as a 0.125% dose of CLAc9t11, compared
to a CO control diet, in the CA model (Figure 1) [34, 51]. This 0.125% dose equates to a human
intake of 3g CLAc9t11/day [51, 52]. Ata 0.5% CLACc9t11 dose, a decrease in pro-inflammatory
plasma cytokines IL-1p, TNFa, and IL-6 was observed, while the anti-inflammatory cytokine IL-

10 was increased (Figure 3) [34, 51, 54]. While similar effects on inflammation markers were



observed with CLAc9t11 as CLAt10c12, CLAt10c12 may have a greater overall anti-
inflammatory effect resulting in the further decrease in overall CA severity. It should be noted
that in the dose response studies CLAt10c12 was fed for three weeks longer than CLAc9t11
when the percent change in severity compared to CO was calculated. More studies on the
accumulation of these fatty acids in tissue over time, as it relates to the anti-inflammatory effect,
are required to fully understand the impact of this timing difference. The potentially harmful
CLAt10c12 side effects and the increased ease of access to CLAc9t11, increases interest in
CLACYt11 as it still has beneficial anti-inflammatory effects at a more easily achievable dietary
level.

Olson et al. [54] compared the anti-inflammatory equivalency of a 0.5% CLAc9t11 dose
to a commonly used anti-inflammatory RA drug, celecoxib. Results from this study indicate that
0.5% CLACcOt11 (570mg/kg bw) reduced arthritic severity 34%, which was representative of a
1.5mg/kg body weight dose of celecoxib [54]. As a COX-2 inhibitor drug, celecoxib is effective
at reducing inflammation; however, it has many harmful side effects, including myocardial
infarction [55]. To avoid side effects and high cost, RA patients may turn to NSAIDs over
celecoxib or other COX-2 inhibitors [56]. While NSAIDs may come at a lower cost, they also
have unwanted side effects including gastrointestinal irritation and ulcers [56]. Supplementing or
even replacing RA pharmaceuticals with low cost, dairy fat products containing CLAc9t11 may
be efficacious.

Dairy fat provides an abundant natural source of CLAc9t11, through its production, in the
rumen, by bacterial biohydrogenation of linoleic and a-linolenic acid [58, 59]. CLAc9t11 levels
can be enriched in dairy fat through adjusting the feeding strategies of cattle to increase their

intake of linoleic and a-linolenic acid; for example, a low foliage diet supplemented with



sunflower oil [60]. CLAc9t11 can be enriched to make up 6% of the total fatty acids in dairy fat
[53].

Epidemiological studies and clinical trials also supported the link between dairy fat and
reduced inflammation [61-63]. One study fed butter, enriched with CLAc9t11, to adults and
observed an increase in serum IL-10, and decreased NF-kB and IL-2 levels [64]. In the CA
model, Huebner et al. [51] showed that both CLAc9t1-enriched butter and non-enriched butter
fed at 6% of the diet decreased arthritis severity to a similar extent as mice fed 0.125% pure
CLACcY9t11 (Figure 1). The pro-inflammatory cytokines IL-1f and IL-6 were also decreased by
these butter based diets. The similar decrease in arthritis severity between the non-enriched
butter, which provided 0.02% CLAc9t11 in the diet, and the pure 0.125% CLAc9t11 treatment
suggests that there may be additional anti-inflammatory components in dairy fat. It was
hypothesized, and later demonstrated, that this extra anti-inflammatory component is TVA, a

metabolic precursor to CLAcOt11 [51, 65].

1.5 Trans-11 Vaccenic Acid
TVA is abundant in dairy fat, at up to 14% of total fatty acids [53]. Approximately 12% (mice)
[66] to 19% (humans) [67] of dietary TVA is converted to CLAc9t11 by SCD-1, a delta-9
desaturase. TVA may have anti-inflammatory potential both on its own and through the actions
of CLAcOt11. Dietary treatment with TV A reduced cardiovascular disease [68—70], anti-
inflammatory mediators [71], metabolic syndrome [72], and arthritis [54].

Olson [65] conducted a does response study with 0.375, 0.75, and 1.5% TVA in the CA
model to assess TVA’s anti-inflammatory effects. Arthritic severity decreased linearly from 21,

to 42, to 65%, compared to 6% CO control diet, as the dose increased [65]. The longer TVA was
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fed, the higher the levels of TVA and CLAc9t11 found in mouse tissue [65]. When plotted over
time the amount of TVA continued to rise through nine weeks of feeding in adipose and paw
tissue; however, levels plateaued after five weeks in the liver [65]. Conversion of TVA to
CLACYt11, calculated as hepatic TVA dived by the total of hepatic TVA and CLAc9t11, was
48% in the liver, 56% in adipose, and up to 100% in paws [65]. Based on this conversion and the
known minimally effective CLAc9t11 dose, 0.125%, the predicted minimally effective dose of
TVA was 0.31% of diet [51, 65]. This is equivalent to 10.4g TVA/day for a 70kg human [52].
Studies are still needed to determine if TVA’s anti-inflammatory properties are linked to
or independent of its conversion to CLAcOt11. It has been suggested that TVA may have
beneficial health properties of its own [73, 74]. TVA treatment in vitro caused the reduction of
IL-2 and TNFa production through direct activation of PPARY, independent of its conversion to
CLACcOt11 [74]. The anti-carcinogenic effects of TVA on mammary tumors was attenuated when
the conversion of TVA to CLAc9t11 was partially blocked by sterculic acid, a delt-9 desaturase
inhibitor [75]. TVA and CLAc9t11 may also have synergistic anti-inflammatory effects. In a
rodent allergic airway inflammation model, milk fat reduced inflammatory leukocyte infiltration
in airways and plasma of mice only when TVA and CLAc9t11 were fed in combination [76].
Human clinical trials have shown an increase in 8-iso-prostaglandin-Fza, a sign of
arachidonic acid degradation, after dietary supplementation with 3g TVA/day of TVA [77];
however, this was not associated with an increase in pro-inflammatory cytokines [78]. Just as
humans can consume CLAc9t11 naturally through dairy fat, TVA can also be easily consumed in
this manner. TVA can also be enriched in dairy fat in a similar manner to CLAc9t11 enrichment

[53].
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Based on the CLAc9t11 and TVA content in maximal enriched butter, and the predicted
minimally effective anti-inflammatory doses of CLAc9t11 and TVA, one would need to
consume 30g dairy fat/day to receive an anti-inflammatory benefit [51, 52, 65]. This level is
within the recommended daily intake for dairy fat as set by the United States Department of
Agriculture [79], but would decrease further if a lower minimally effective CLAc9t11 or TVA
dose was identified, greater enrichment was possible, or if the TVA to CLAc9t11 conversion was
increased. TVA may also be -oxidized to palmitelaidic acid, which may be another potentially
anti-inflammatory fatty acid of dairy fat [80]. Other short chain fatty acids in dairy fat may also

have unidentified anti-inflammatory potential [81].

1.6 The Next Steps: Moving from Treatment to Prevention

Rula et al. [82] estimated that preventative treatments for chronic inflammatory conditions,
health promotion, and chronic care management could save Medicare between $650 billion and
$1.43 trillion in the next ten years. Most studies conducted to date, start dietary exposure to
omega-3 polyunsaturated fatty acids, CLA, or TVA after disease onset [18, 34, 50, 51, 65]; little
research has been done on the preventative effects of these dietary components on IMID, such as
rheumatoid arthritis.

It has been suggested that CLA, or a component of it, may push T helper cell type (Th) 1
responses, actually accelerating the onset of a Th1 diseases like arthritis and lupus [83-85].
Increased IL-2 production and decreased IgE and IL-4 production after CLA treatment support a
push toward a Th1 response [86—88]. Yang et al. [84] showed that feeding mixed isomer CLA
prior to spontaneous lupus onset accelerated the appearance of antinuclear antibodies and

proteinuria in F1 hybrid New Zealand Black and White cross (NZB/W F1) lupus-prone mice.
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Although these examples have suggested CLA could accelerate inflammatory disease
onset, some studies conflict with this idea. In the CLA fed NZB/W F1 mice with early onset
lupus, weight loss was decreased [85] and post-proteinuria survival was extended 1.5 fold in
mice with lupus [84]. Butz et al. [83] fed CLA to mice three weeks before induction of collagen
antibody induced arthritis. CLA reduced clinical arthritic scores by 60% compared to CO control
diet, and prevented ankle joint remodeling caused by the arthritis [83]. CLA has also been shown
to reduce symptoms in other antibody dependent disease models including airway inflammation
[89, 90]. The differences in effect may be a result of the individual CLA isomer’s properties.

CLA has been extensively studied as treatment for CA and other IMID, but its
preventative capabilities have yet to be fully examined. This thesis aims to investigate the
hypothesis that the individual CLA isomers have different effects on IMID prevention: while
CLAt10c12 could increase CA incidence and severity through modulation of Th1 immune
responses, CLAcOt11 and its precursor, TVA, would decrease CA incidence and severity. In
addition, this thesis will further explore the hypothesis that TVA’s anti-inflammatory properties
are due to its conversion to CLAcOt11. If true, this hypothesis would support the use of

CLACYt11, TVA, and dairy fat as dietary supplements to prevent the development of IMID.
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1.7 Figures
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Figure 1: Percent reduction in normalized collagen-induced arthritis severity of mice fed diets containing
CLAt10c12 or CLACYt11, supplemented at the expense of corn oil (CO), compared to a 6% CO control
diet. Normalized arthritic severity is the difference between the overall mean clinical arthritic score at
arthritic day 0, day on arthritis onset, and at the end of the study period. Huebner et al. 2010 fed 0.5%
CLAt10c12 (¢p) or CLACOt11 () for 84 days after arthritis onset [34]. Huebner et al. 2014 fed 0.125,
0.25. 0.375, and 0.5% CLAt10c12 for 84 days after arthritis onset (€) [50]. Huebner et al. 2016 fed
0.125, 0.25. 0.375, and 0.5% CLAc9t11 (@), 6% control butter (), or 6% enriched butter () for 63
days after arthritis onset [51]. Olson et al. 2017 (£) fed 0.5% CLAc9t11 for 42 days after arthritis onset

[54].
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Figure 2: Percent change in plasma cytokine concentration after dietary supplementation with 0.5%
CLAt10c12 and 5.5% corn oil compared to a 6% corn oil diet. Arthritic day (AD) represents the day post
onset of arthritis, with AD 0 being the day of onset. In both studies reported, Huebner et al. 2010 () and
2014 () fed 0.5% CLAt10c12 for 84 days after arthritis onset [34, 50]. Bar shading distinguishes the two

studies.
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Figure 3: Percent change in plasma cytokine concentration after dietary supplementation with 0.5%
CLACc9t11 and 5.5% corn oil compared to a 6% corn oil diet. Arthritic day (AD) represents the day post
onset of arthritis, with AD 0 being the day of onset. Huebner et al. 2010 fed 0.5% CLAc9t11 for 84 days
after arthritis onset ( ) [34]. Huebner et al. 2016 fed 0.5% CLAc9t11 for 63 days after arthritis onset (i)
[51]. Olson et al. 2017 fed 0.5 % CLAc9t11 for 42 days after arthritis onset ([[[| ) [54]. Bar shading

distinguishes the reported studies.
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2.1 Abstract

Two conjugated linoleic acid (CLA) isomers, cis-9, trans-11 (c9t11) and trans-10, cis-12
(t10c12), reduce inflammation in a number of animal models, including collagen-induced
arthritis (CA). However, little is known about the ability of individual CLA isomers to prevent
autoimmune disease onset. Evidence that mixed isomer CLA drives T helper cell (Th) 1
responses suggests that CLA, or a specific isomer, exacerbates onset of Th1 autoimmune
diseases. In two experiments, we examined if prior dietary exposure to CLAt10c12 (experiment
1) or CLAC9t11 (experiment 2) affected the incidence or severity of CA. DBA/I mice were fed a
semi purified diet with either 6 % corn oil (CO, w/w), 5.75 % CO plus 0.25 % CLAt10c12, or
5.5 % CO plus 0.5 % CLACc9t11 prior to arthritis development. Arthritis incidence and severity,
anti-collagen antibodies, paw cytokines, and hepatic fatty acids were measured. CLAt10c12 had
no effect on arthritis incidence but increased arthritic severity (42 %, P = 0.02); however,
CLACcOt11 decreased arthritis incidence 39 % compared to CO fed mice (P = (0.01), but had no
effect on disease severity. CLAt10c12-induced increase in anti-collagen type II IgG antibodies
may be a mechanism by which this isomer increased arthritic severity, and CLAc9t11-induced
increase in Th2 paw cytokines (IL-4 and IL-10, P < 0.04) may explain how CLAc9t11 reduced
the arthritis incidence. While both isomers are well known to reduce inflammation in arthritic

mice, this new data suggests isomer differences when fed prior to autoimmune disease.
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2.2 Introduction
The benefits of dietary conjugated linoleic acid (CLA) are well-recognized [1-3]. Many of these
studies are based on commercial preparations of CLA, which typically contain two CLA
isomers, CLA cis-9, trans-11 (CLAc9t11) and CLA trans-10, cis-12 (CLAt10c12), in an
approximate ratio of 1:1 [4]. The relative abundance of these two isomers, as a percent of total
CLA, in ruminant lipids such as milk and beef is 96.5 - 98.6% CLAc9t11 and 1.4 - 3.5%
CLAt10c12 [5]. Hence, exposure to CLA from natural sources as opposed to commercially
prepared supplements favor the CLAc9t11 isomer.

Most CLA research focuses on examining the effects of mixed isomer CLA, which is
well established to be anti-carcinogenic [6], anti-atherosclerotic [7], and anti-inflammatory [8].
Mixed isomer CLA alleviated inflammation in diseases including atherosclerosis [9], lupus [10,
11], type I airway hypersensitivity [12], inflammatory bowel disease [13], and arthritis [14].
Individually, CLAc9t11 and CLAt10c12 reduced collagen-induced arthritis (CA) severity when
fed after arthritis induction [14]. Both isomers had similar effects on reducing clinical arthritic
score, paw thickness, histological abnormalities in the joint, and pro-inflammatory cytokine
levels compared to a corn oil (CO) based diet [14]. In studies conducted to date CLA was fed
post disease onset; little research has been done on preventative effects of CLA individual
isomers on autoimmune inflammatory diseases such as arthritis.

CLA studies often vary in timing of treatment relative to disease, as well as isomer ratios.
Butz et al. [15] showed feeding mixed isomer CLA prior to collagen type II (CII) immunization
resulted in slightly earlier appearance of CA. Yang ef al. [11] showed feeding mixed isomer
CLA prior to spontaneous lupus onset accelerated the appearance of antinuclear antibodies and

proteinuria in F1 hybrid New Zealand Black and White cross (NZB/W F1), lupus-prone, mice.
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Although early onset of disease was observed with NZB/W F1 mice, survival post proteinuria
was extended 1.5 fold [16]. Both authors suggested that feeding mixed isomer CLA prior to
disease onset drives a T helper cell type (Th) 1 response leading to an earlier onset of Thl type
diseases [11, 15, 16]. CLA’s ability to drive Thl responses is supported by its ability to decrease
immunoglobulin (Ig)E antibody and IL-4 production, and increase IL-2 production [16—18].
CLA’s ability to select for a Th1 cytokine response explains the earlier appearance of antibodies
and disease symptoms in models where mixed isomer CLA was fed prior to disease onset.
CLACcY9t11 and CLAt10c12 affect different inflammatory pathways, and in some cases the
same pathway differently [19, 20]. The CLAt10c12 isomer reduced cyclooxygenase 2 expression
and prostaglandin E2 through inhibition of nuclear factor (NF)-kB pathway [21]. CLAc9t11’s
anti-inflammatory effects have been reported to occur independent of eicosanoid synthesis, based
on no change in arachidonic acid production after treatment [22]. CLAt10c12 also was reported
to decrease the Th1 cytokine IL-12 by a mechanism not dependent on the Th2 cytokine IL-10,
while the decrease in IL-12 caused by CLAc9t11 was linked to IL-10 [23]. The specific
mechanisms by which CLAc9t11 influences the immune system have yet to be defined, but it
was reported to inhibit tumor necrosis factor (TNF)-a production to a greater extent than
CLAt10c12 [14, 16, 20]. CLACc9t11 has been reported to be antiatherogenic [24] and anti-
inflammatory [25], and decrease plasma lipids [26]. CLAt10c12 alters atherogenic biomarkers
(e.g. decreased high density lipoprotein and increased plasma lipids) [24, 26], is anti-adipogenic
[27], and has been linked to increased liver lipids [24]. The isomer’s varying effects, specifically
involving the immune system and lipid metabolism, may help explain the confounding results

seen in individual isomer compared to mixed isomer CLA studies.
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Using the CA model of arthritis, this study attempts to determine if the CLAc9t11 and
CLAt10c12 isomers have different effects on arthritis induction when fed prior to disease onset.
Based on earlier work [15], two experiments were conducted to determine if individual CLA
isomers behave differently than reported mixed isomer CLA results. The first experiment utilizes
CLAt10c12 in the CA model, with dietary treatments starting 21 days after the primary collagen
immunization, at the secondary collagen immunization. In the second experiment, CLAc9t11
was fed 21 days prior to collagen immunization. Results from these experiments provide insight
into impact of specific CLA isomers on CA incidence and severity, relative to CO. However, due

to differences in study design the results of the two studies cannot be directly compared.

2.3 Materials and Methods
Experiments were conducted in accordance with an animal protocol, A005438, approved

by the College of Agricultural and Life Sciences Animal Care and Use Committee.

Collagen-induced arthritis model.

Experiment one was based on the design of previous experiments with mixed isomer CLA [15].
Briefly, four-week-old DBA/I mice were purchased from Harlan (Indianapolis, IN), housed in
shoebox units (3 mice per box), and maintained on a 12:12 h light-dark cycle. After the
acclimation period of one week on chow diet, all mice were fed a 99% complete diet (containing
5% CO, TD94060; Harlan-Teklad, Madison, W1, Table 1) supplemented with 1% CO (n = 27).
Mice (grouped by shoebox units) were randomly assigned to receive a 100ul intradermal
injection, at the base of the tail, of 100 pg chick CII in 0.05 M acetic acid (Chondrex, Redmound,

WA, n = 18 mice) or a sham injection of 0.05 M acetic acid (n =9 mice) emulsified in a 1:1 ratio
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with complete Freund’s adjuvant (2mg/ml heat-killed Mycobacterium tuberculosis; Sigma, St.
Louis, MO) [15, 28]. The date of primary injection was designated as day 0. On day 21, mice
received a 100pl intraperitoneal booster injection of either 100pg chick CII in 0.05 M acetic acid
or a sham injection of 0.05 M acetic acid emulsified in a 1:1 ratio with Freund’s incomplete
adjuvant (Sigma). This day was designated secondary (2°) immunization day 0. At the 2°
immunization mice immunized with chick CII were randomly assigned to either remain on the
6% CO diet or start a 0.25% CLAt10c12 (in place of CO) treatment diet (n = 9 mice per diet,
Figure 1a). Following 2° immunization mice were monitored daily for clinical signs of arthritis
(see Clinical Arthritic Score).

In experiment two, the housing and immunization protocol remained the same as
described above. Freund’s complete (4mg/ml heat-killed Mycobacterium tuberculosis) and
incomplete adjuvant was supplied by Chondrex. After one week on chow diet, three weeks
before primary immunization, mice were switched to a 99% complete diet (5% CO)
supplemented with 1% CO or 0.5% CLAc9t11 and 0.5% CO (TD94060; Harlan-Teklad,
Madison, WI). Mice were randomized in a 2 x 2 factorial arrangement of diet and arthritis (n =
38 per diet, n = 20 in chick CII immunized groups, n =9 in sham groups, Figure 1b).

CO and CLA isomer fatty acid content was assessed by gas chromatography 100m CP-
Sil 88 column (0.25mm inside diameter, 0.3um film thickness) as previously described [29]

(Table 2).

Clinical arthritic score.
As previously described, mice were examined by a trained observer blinded to treatments [14,

15, 28, 30]. After 2° immunization mice were monitored daily for clinical signs of arthritis, and
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after the first day post arthritis development (AD 0) mice were scored 3 times per week. Briefly,
individual paws were assigned an inflammation severity score between 0 and 4 based on the
following criteria: 0 = normal, no inflammation; 1 = mild, definite redness and swelling of the
ankle or wrist or apparent redness and swelling of the digits; 2 = moderate, redness and swelling
of the ankle and wrist; 3 = sever redness and swelling of the entire paw including digits; 4 =
maximally inflamed limb involving multiple joints. Clinical arthritic score (CAS) was the sum of
the 4 individual paw scores [28]. Normalized arthritic score was calculated by subtracting AD 0
from a given AD score post AD 0. Mice receiving a primary and secondary injection of CII that

never developed arthritis were designated as non-developed (ND).

Plasma collection and preparation.

Blood was collected from the retroorbital venous plexus using heparinized capillary tubes, while
mice were under light isoflurane anesthesia. Blood was collected at 35 days after the primary
immunization (experiment 1), AD 7 (experiment 2), and 70 days after primary immunization
(end of experiment 2). Plasma was separated by centrifugation at 3000xg for 10 minutes and

stored at -80°C until analyzed.

Plasma anti-CII antibody ELISA.
Plasma samples were analyzed as previously described for total concentration of anti-CII IgG:
and IgGoa [15]. In experiment two anti-CII IgG2a antibody levels were quantified with respect to

anti-CII IgG2a monoclonal antibody standard (Chondrex).

Paw tissue collection and cytokine extraction.
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In experiment two, after mice were euthanized by exsanguination (AD 28 for arthritic mice and
the respective sham mice), only arthritic paws were harvested in arthritic mice and all paws in
sham mice. All paws were stored at -80°C until cytokine analysis. Prior to preforming the paw
cytokine assay, paws were weighed and crushed under liquid nitrogen and total protein was
extracted through tissue homogenization in cell lysing solution (Bio-Rad Laboratories, Hercules,
CA) containing phenylmethyl sulfonyl fluoride (MP Biomedicals, Santa Ana, CA) [30]. Samples
were incubated at -80 °C for one hour then centrifuged at 3000xg for 10 minutes at 4°C.
Supernatant was collected and stored at -80°C. Samples were diluted to 650ug protein/ml
following bicinchoninic acid protein assay results (Thermo Scientific, Waltham, MA) before

final cytokine quantification [31].

Cytokine analysis.

Paw cytokine concentrations of interleukin (IL)-2, IL-12 (p70), Interferon (IFN)-y IL-4, IL-5,
and IL-10 were quantified using Bio-Plex Pro Th1/Th2 mouse cytokine assays according to
manufacturer’s instructions (Bio-Rad Laboratories). Fluorescence was measured using Luminex
100 system (Bio-Rad Laboratories), and results were analyzed using Bio-Plex Manager software

(Bio-Rad Laboratories).

Hepatic fatty acid determination.

Total lipids of 0.2g liver samples were extracted using chloroform:methanol (2:1, v/v) according
to the methods of Folch et al. [32]. Fatty acid methyl esters (FAME) were prepared by acid-
catalyzed methylation [33, 34]. Relative percentages of liver FAME were determined using an

Agilent 6890N GC (Agilent Technologies Santa Clara, CA) equipped with a 100m CP-Sil 88
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column (Varian Palo Alto, CA) [29]. FAME were identified against a custom qualitative FAME

standard (Matreya, LLC, Pleasant Gap, PA, #SPL4833) by comparing retention times.

Statistical analysis.

Incidence data were analyzed using the SAS procedure LIFETEST (SAS Institute) to determine
difference due to dietary treatment. Development of arthritis was considered a fail, non-survival,
in this analysis. The dependent variables arthritic score, antibodies, cytokines, and liver fatty acid
were analyzed using the SAS procedure MIXED (SAS Institute) to determine difference due to
the fixed effects of dietary treatment and time. In order to account for repeated measures of
arthritic score across time, a REPEATED statement was employed with the SAS procedure
MIXED with a first order autoregressive covariance structure. Each dependent variable was
tested utilizing unequal variance among groups and a Levene’s test was performed determine the
appropriate model (P < 0.05). When dependent variables were identified to have a significant
diet, arthritis, time, or interaction (P < 0.05) ANOVA analysis was followed by post hoc least
squared difference test to identify individual differences among groups. Differences were
considered significant at P < (.05 and a trend at P < 0.10. Values are displayed as mean +

standard error of the mean (SEM).

2.4 Results

Experiment 1. CLAt10c12 and arthritis incidence/score.

In experiment 1, half of the CII immunized mice were switched from CO diet to CLAt10c12 diet
at 2° immunization day 0. At their maximums, 78% of CLAt10c12 and CO mice developed

arthritis, while sham immunized mice did not show arthritic symptoms at any time (Figure 2a).
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CLAt10c12 and CO fed arthritic mice had significantly different overall incidence compared to
sham mice (P = 0.001), but CO and CLAt10c12 fed arthritic mice were not significantly
different from each other (P = 0.59, Table 3).

CAS of only mice that developed arthritis had an average score of 7.4 + 0.5 for
CLAt10c12 mice and 5.2 + 0.3 for CO mice. Normalized score was 5.3 + 0.5 in CLAt10c12
mice and 1.5 £ 0.2 in CO mice. A significant diet by time interaction for absolute and normalized
CAS (P = 0.02 and P = 0.008, respectively, Table 3) showed that during peak arthritis score,

CLAt10c12 fed mice had more severe CAS than CO fed mice (Figure 2b and 2c).

Experiment 1. CLAt10c12 and anti-CII antibodies.

In plasma samples collected 35 days after primary immunization there was a trend toward
increased plasma anti-CII IgGi antibodies levels (P = 0.06) in arthritic mice fed CLAt10c12,
compared to CO fed mice (Table 4). The increase in anti-CII IgGz2a antibodies in arthritic
CLAt10c12 fed mice compared to arthritic CO fed mice was not significant (P = (.33). No anti-

CII antibodies were detected in sham mice.

Experiment 2. CLAc9t11 and incidence/score.

In experiment two, half of the mice were switched onto CLAc9t11 diets three weeks prior to
immunization. At their maximums, 69% of CO mice and 30% of CLAc9t11 fed mice developed
arthritis (Figure 3a), which was statistically different over the course of this study (P=0.01,
Table 5). When analysis of arthritis incidence was conducted by day, a significant difference

became apparent between sham and arthritic CO fed mice at 18 days post 2° immunization (P <
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0.05). A significant difference became apparent at 34 days post 2° immunization between sham
and arthritic CLAc9t11 fed mice (P < 0.05).

Mean CAS of arthritic mice (CAS = 4.1 £ 0.1) was similar between CO fed mice (n =
11) and CLACc9t11 (n = 6) mice (P = 0.47, Figure 3b, Table 5). Normalized score of CLAc9t11
and CO arthritic mice also followed a similar pattern over the course of this study (Figure 3¢)
and no differences in absolute or normalized CAS over the entire feeding period was observed in

mice that developed arthritis (Table 5).

Experiment 2. CLAcY9t11 and anti-CII antibodies.

Plasma samples for arthritic and ND mice were from different time points; therefore, antibody
levels were not compared across arthritic classification. No anti-CII antibodies were detected in
sham mice; however, both mice immunized mice against chick CII that developed arthritis and
those that did not develop arthritis (ND) had detectable anti-CII IgG1 and IgGza levels (Table 6a
and 6b). Feeding CO versus CLAc9t11 had no impact on IgG1 or IgGza antibody levels in
arthritic mice; however, there was a significant a 49% reduction in anti-CII IgGza antibody levels

in ND CLACc9t11 fed mice compared to ND mice fed CO (P = 0.05).

Experiment 2. CLAc9t11 and paw cytokines.

Paw cytokine levels showed that IL-2 levels, but no other cytokines, were significantly elevated
in the paws of arthritic mice compared to sham mice independent of diet (P = 0.04, Figure 4).
CLACc9t11 fed mice had significantly increased levels of IL-4 and IL-10 compared to mice fed
CO independent of arthritis induction (P = (.02 and 0.04, respectively, Figure 4d and 4f).

Arthritis and diet had no significant effect on IL-12, IFN-y, and IL-5 (Figure 4b, 4¢, and 4e).
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Experiment 2. CLAcYt11 and hepatic fatty acids.

Hepatic CLAc9t11 was only detectable in mice fed CLAc9t11 and the levels were unaffected by
arthritic condition (Table 7). The CLAt10c12 isomer was not detected in any samples from this
study. In CLAc9t11 fed mice, independent of arthritis, hepatic 16:1¢9 was significantly increased
(P =0.02), and 18:0 and 22:6n-3 were significantly decreased when compared to mice fed CO
(P = 0.03 and 0.02, respectively). The presence of arthritis did not affect hepatic lipid levels and

no interactions between diet and arthritis were observed.

2.5 Discussion
An objective of this study was to assess the effects of individual CLA isomers on CA incidence
when compared to a CO based diet. While in retrospect it would have been more appropriate to
conduct a direct comparison of the two isomers in a single study, the studies were conduct by
two researchers on separate projects (Butz for experiment 1 [35] and Muhlenbeck for experiment
2). Consequently, the timing of feeding the CLA isomers prior to arthritis onset was not identical
and largely based on prior literature at the time of the experiment. Regardless of the design
differences and the comparison made from separate experiments, for the first time we were able
to show that CLAt10c12 and CLAc9t11, when fed pre-arthritic development, differentially
impact arthritic development and early severity of arthritic score.

Many experiments studying the effects of CLA have used mixed isomer preparations of
CLAt10c12 and CLACc9t11 in near equal ratios. The results of our two experiments clearly show
that the feeding mixed isomer CLA may have confounding effects; the data presented here helps

to differentiate these opposing effects. When the effects of specific isomers on arthritis were
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studied using the murine CA model, these studies focused on treating arthritic mice after arthritis
development [14, 30, 36]. In these studies [14, 30, 36], both CLAt10c12 and CLAc9t11 had anti-
arthritic effects when arthritic mice were treated with the individual isomers. These studies
should not be confused with what is being reported here, as in these previous works the
individual CLA isomers were fed after development of the adaptive immune response to CII.
The work reported here asks if effects of these CLA isomers on onset and early severity of
arthritis differ when mice are treated during the development of the adaptive immune response to
CIIL. Since each isomer was studied in separate experiments, results will be discussed within each
experiment. Until an experiment is conducted where the isomers are compared directly, it is

difficult to blend the discussion across the isomers.

CLAt10cl?2.

The murine CA model is well established to represent a dominant Th1 disease [37, 38]. The
increase in Th1 associated responses including 1gG2a [39], IL-2 [40], and IFN-y [37] support CA
as a Th1 disease model. Fed prior to the onset of Th1 autoimmune disease, mixed isomer CLA
has been suggested to exacerbate disease onset. NZB/W F1 mice spontaneously develop
systemic lupus erythematosus, which is considered a Th1 dominant autoimmune disease early on
[41, 42] marked by increased 1gGz2a [43] and IFN-y [44]. Yang et al. [10] showed that NZB/W F1
mice fed a mixed isomer preparation of CLAt10c12 and CLAc9t11 had auto-antibodies to single
and double stranded deoxyribonucleic acid and onset of proteinuria earlier in life. The isomer
responsible for this earlier onset of autoimmunity was never determined due to the lack of
purified CLA isomers. Similarly, a paper by Butz ef al. [15] showed evidence that feeding mixed

isomer CLA 21 days before the primary immunization with CII, to induce arthritis, was driving a
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Thl type response in the CA model by showing an earlier onset of disease. This earlier onset was
not observed in mice fed mixed isomers of CLA and directly injected with antibodies to
collagen, suggesting that mixed isomer CLA altered the adaptive immune Th1 response thereby
promoting arthritic disease. In the spleen, CLAt10c12 is suggested as the CLA isomer playing a
major role in Ig production; CLAc9t11 was found to reduce splenic B cells [45]. The Thl
response of increased IgGza has been associated with increased severity of CA [15, 46, 47].
Taking these findings together, we postulated that the CLAt10c12 isomer was the isomer
promoting the Th1 shift and was responsible for the early occurrence of Thl disease.
Interestingly, in our study, we did not see an increase in the incidence of arthritis, but did see a
more severe initial inflammatory response when mice were fed CLAt10c12 at the 2°
immunization. While Huebner et al. [30] observed a dose effect when feeding CLAt10c12 at
arthritis onset, future studies are necessary to understand any dose effects that may result from
CLA isomer exposure prior to arthritis onset.

Unfortunately, plasma and paw cytokines were not measured in this study; however, anti-
CII antibody levels trended toward significantly increased IgGi in the CLAt10c12 fed mice (P =
.06) compared to arthritic CO fed mice. Variance for arthritic CO fed mice was similar to what
was reported by Butz et al. [15]. However, small sample size available for measuring anti-CII
antibodies likely influenced the high variation in these studies. Anti-CII IgG antibodies may have
pathogenic effects on collagen, independent of the arthritic inflammatory response, and are
required for CA development [48, 49]. The 2° immunization is given to increase IgG levels and
induce the onset of CA [50]. The elevation in anti-CII antibodies caused by feeding CLAt10c12

at the 2° immunization may explain why the severity of the arthritic score was increased.
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CLAcYt11.

CLACcY9t11 has been shown to exhibit anti-inflammatory effects when fed post induction of
autoimmune arthritis [14, 36]. These anti-inflammatory effects may be driven by CLAc9t11’s
ability to reduce pro-inflammatory cytokines such as IL-10, IL-6 [14, 36], and TNF-a [16, 20],
through a process linked to NF-«xB signal transduction [23, 51]. Changes in these cytokine
profiles may explain CLAc9t11’s ability to reduce inflammation post arthritis induction, but fail
to explain how CLACc9t11 reduces the incidence of disease when fed prior to onset. In Huebner
et al. [14] feeding CLAc9t11 at onset of arthritis decreased total anti-CII IgG; a finding not
supported in this study where IgG1 and IgG2a were similar between arthritic mice fed CO or
CLACYt11. Interestingly, CLAc9t11 fed mice injected with collagen that did not develop arthritis
had a significant reduction in IgGza versus CO fed mice (P = 0.05). The decreased anti-CII
antibody production, specifically IgGz2a, by CLAcOt11 feeding may be a mechanism by which
CLACcOt11 helps protect against arthritis incidence by decreasing Thl responses [47], possibly by
preventing a threshold level of antibodies required for disease onset. A future study tracking anti-
CII IgG production over the course of CA development may further support this conclusion.

A more plausible explanation of how pre-arthritic development feeding of CLAc9t11 may
impact the incidence of arthritis is that CLAc9t11 shifts the cytokine profile during the adaptive
immune response to CII to Th2 cytokines. Previous work in the CA model showed that if Th2
cytokine profiles are increased, during the adaptive immune response, the incidence of arthritic
disease is reduced [52]. Loscher et al. [23] has shown that the treatment of dendritic cells with
CLACY9t11 decreased the Thl cytokines IL-12, and increased the Th2 cytokine IL-10. Our
finding that feeding CLAc9t11 prior and during the adaptive immune response to CII increased

Th2 cytokines, IL-4 and IL-10, in paws by the end of the study suggests that CLAc9t11 drives a
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Th2 dominant cytokine profile during adaptive immunity. An assumption made in our analysis is
that cytokine levels observed in paws at the end of the study reflect cytokine levels at the time of
arthritis. Unfortunately, we cannot say how cytokines were different between arthritic and ND
mice in this study. Interestingly, the drive toward Th2 cytokine profile was not associated with a
change in the severity of arthritis in mice. The increase in IL-4 and IL-10 seen in CLAc9t11 fed
mice may provide some insight into changes in cytokine profile created by CLAc9t11 that may
protect against arthritis development. An important future direction will be to observe cytokine
profiles over time starting before immunization and continuing through arthritis induction,
preferably in paws.

Fatty acids play a significant role in autoimmune and inflammatory responses [53, 54].
Immune and inflammatory modulating effects are often attributed to the cyclooxygenase or
lipoxygenase products of 20:4 (arachidonate) or 20:5n-3 (eicosapentaenoate) [53]. The liver is a
primary site for the processing lipids and can be useful in discerning the effects of CLA on fatty
acid composition [55, 56]. As expected, feeding CLAc9t11 did increase hepatic relative
abundance of CLAc9t11. Previously, extended feeding of CLAt10c12 or CLAc9t11 post arthritis
development was found to have no effect on hepatic 20:4 or 20:5 n-3 [30, 36]. In a similar
manner feeding CLAc9t11 before arthritis development had no impact on these fatty acids.
CLAt10c12 is a known stearoyl-CoA desaturase (SCD)-1 inhibitor, and CLAc9t11 has not been
reported to affect this enzyme but did decrease levels of fatty acid synthase [57-59]. Unlike
CLAt10c12, which increases 18:0 and decreases 18:1 and its 16 carbon precursors due to its
inhibition of SCD-1, CLAc9t11 had the opposite effect in this study as 18:0 was decreased 12%
and 16:1 was increased 40% due to CLAcOt11 feeding. Effects of CLAc9t11 on liver 18:0 and

16:1 composition have not been previously reported. While not significant, Huebner et al. [36]
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showed up to a 12% decrease in 18:0 and a 14% increase in 16:1 due to CLAc9t11 consumption.
Feeding the precursor to CLAc9t11, trans vaccenic acid, also caused a 20% decrease in 18:0 and
a 24% increase in 16:1 (again not statistically significant) [60]. An explanation for these changes
in hepatic 16:1 and 18:0 is not readily apparent based on the scientific literature, but we
hypothesize that they may be linked to SCD-1 activity during immune activation since SCD-1

expression is suggested to attenuate pro-inflammatory signaling [61].

In conclusion, this is the first report that shows pure isomers of CLAt10c12 and CLAc9t11 have
unique effects on arthritis development and early severity when fed to mice prior to the onset of
arthritis. The finding that CLAt10c12 may drive Thl type responses during the adaptive immune
response, whereas CLAc9t11 may drive a Th2 dominant adaptive immune response provides a
unique opportunity in the development of pure CLA compositions, specifically for the
prevention of Thl type diseases in susceptible animals and humans. These data seem to also
support the consumption of foods rich or enriched in CLAc9t11, such as those of ruminant origin
or through fermentation, as a potential health benefit to humans and animals at risk of Thl
mediated diseases. However, the ability to direct Th1 versus Th2 pathways through CLA isomer

feeding or supplementation may have consequences to health beyond autoimmune disease.
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2.7 Tables

Table 1 Composition of experimental diet contents used in experiment 1 and 2

Ingredient g/100g
Sucrose 47.6
Casein' 21
Corn starch 15
Corn oil? 6.0
Cellulose 5
AIN-76 Mineral mix 3.5
AIN-76 Vitamin mix 1.0
Calcium carbonate 0.4
DL-Methionine 0.3
Choline bitartrate 0.2
Ethoxyquin 0.001

'Casein was vitamin-free tested and contained no detectable CLA

2Conjugated linoleic acid (CLA) t10c12 or CLAc9t11 was added at 0.25 % or 0.5 %, respectively, at the
expense of corn oil



Table 2 Fatty acid composition of dietary lipid sources

g/100g
Fatty Acid CcO CLAt10c12 CLACOt11
16:0 12.8 n/d n/d
18:0 24 n/d n/d
18:1c9 29.1 n/d 0.5
18:1¢c11 0.8 n/d n/d
18:2n-6 53.2 3 n/d
18:2c9t11 n/d n/d 92.2
18:2t10c12 n/d 82.5 n/d
18:2cc n/d 1.8 -
18:2tt n/d 8.6 -
18:3¢c9c12¢15 1.2 n/d -
20:0 0.5 n/d n/d
Unknown 0 4.1 7.3

CO = corn oil, CLA = conjugated linoleic acid, n/d = not detected, - = standard not available during
experiment 2
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Table 3 Experiment 1. Overall mean arthritis incidence and score of mice fed CO or CLAt10c12.
Incidence is based on n = 9 mice per group. Arthritic score values include only mice that developed
arthritis (n = 7 mice per group). Values shown are means + SEM

Arthritic
CcO CLAt10c12 P-value
Maximum Incidence 78% 78% 0.59
Diet Day Interaction
Clinical Arthritic Score 52+0.3 74+05 0.20 <0.0001 0.02
Normalized Score 1.5+0.2 53+05 0.06 <0.0001 0.008

CO = corn oil, CLA = conjugated linoleic acid, and SEM = standard error of the mean



Table 4 Anti-collagen type Il IgG concentration (ug/ml) 35 days post primary collagen immunization.

CO n =4 and CLAt10c12 n = 3. Values shown are means + SEM

49

Sham Arthritic
pg/mi CO CcO CLA t10c12 P-value'
19G+ n/d 816 + 284 4062 + 1593 0.06
19G2a n/d 1886 + 621 6435 £ 4913 0.33

CO = corn oil, CLA = conjugated linoleic acid, AD = day post arthritis development, SEM = standard
error of the mean, and n/d = not detected

'Statistical analysis includes only arthritic mice
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Table 5 Experiment 2. Overall mean arthritis incidence and score of mice fed CO, or CLAc9t11.
Incidence is based on n = 16 for CO fed mice and n = 20 for CLAc9t11 fed mice. Arthritic score
averages include only mice that developed arthritis (n = 11 CO and n = 6 CLAc9t11). Values shown

are means + SEM

Maximum Incidence

Clinical Arthritic Score

Normalized Score

P-value

0.01

Diet Day Interaction
0.86 0.18 0.47

0.57 0.12 0.29

CO = corn oil, CLA = conjugated linoleic acid, and SEM = standard error of the mean
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Table 6 Anti-collagen type Il IgG concentration (ug/ml) at study end, day 70 for mice that never
developed arthritis (CO fed mice n = 5 and CLAc9t11 fed mice n = 14, a) or AD 7 for arthritic mice (CO
fed mice n = 11 and CLAc9t11 fed mice n = 6, b). Values shown are means + SEM

a Sham Non-developed
pg/mi CO & CLACcOt11 CO CLACOt11 P-value'
1gG1 n/d 426 + 128 219+ 34 0.14
19G24 n/d 1379 + 3732 823 + 96° 0.05

b Sham Arthritic
pg/ml CO & CLACcOt11 CO CLACOt11 P-value’
9G4 n/d 571+ 114 415+ 94 0.37
19G2a n/d 1702 + 259 1966 + 394 0.57

CO = corn oil, CLA = conjugated linoleic acid, AD = day post arthritis development, SEM = standard
error of the mean, and n/d = not detected

Means within a row without a common letter differ by P < 0.05

'Statistical analysis was performed across dietary treatment within arthritic classification, but not across
arthritic classification. Antibody levels in shams were undetectable; therefore, not included in analysis
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Table 7 Relative hepatic fatty acid compositions of arthritic, non-developed, and sham mice fed corn oil
or CLACO9t11 dietary treatments. Sham CO n = 8, sham CLAc9t11 n = 6, non-developed CO n = 5, non-
developed CLACc9t11 n = 14, arthritic CO n = 11, and arthritic CLAc9t11 n = 6. Values are mean relative
fatty acid content in g/100g.

Sham Non-developed Arthritic SEM’ P-value

fge}gtg(g'd CO  CLAGOH1 CO  CLACOt1 CO  CLACOt1 Diet Arthritis  Interaction
14:0 9.86 1156 994 968 1115 11.93 0.40 041 0.20 0.49
16:0 3028  30.1 30.31 29.63 2920 2911 0.20 0.42 0.14 0.86
16:1c9 128 126 095 153 084 151 0.09 0.02 0.89 0.22
18:0 861 881 9.76  8.03 893 723 0.23 0.03 0.33 0.18
18:1c9 16.66 14.95 1538  16.45 1568 17.93 0.40 0.54 0.57 0.17
181c11 187 168 185 212 184 228 0.07 0.21 0.22 0.16
18:2n-6 2123 20.05 2027 2062 2094 2017 0.25 0.33 0.96 0.50
20:0 0.16  0.15 017 02 009 0.15 0.03 0.62 0.65 0.85
18:3n-3 0.02 002 nd  n/d 001 001 0.00 0.80 0.28 0.89
20-1¢11 0.16 016 0.06 022 013 012 0.03 0.48 0.89 0.45
182¢9t11  nid 085 nd 095 nd 079 0.07 <0.0001  0.10 0.10
18:2t10c12  n/d n/d n/d n/d n/d n/d - - - -
20:2n-6 003  0.06 nd 004 007 003 0.02 0.77 0.68 0.58
20:3n-6 019 026 021 037 021 021 0.04 0.31 0.66 0.72
20:4n-6 6.89  7.21 781 693 778 607 0.19 0.06 0.65 013
22:6n-3 098 094 104 092 110 075 0.04 0.02 0.53 0.19
Unknown 178  1.95 225 232 195  1.70 0.14 0.99 0.41 0.85

CO = corn oil, CLA = conjugated linoleic acid, SEM = standard error of the mean, and n/d = not
detected

"Pooled SEM
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2.8 Figures
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Figure 1: lllustration of experimental designs. Both studies utilized the collagen induced arthritis (CA)
model. In experiment one (a), mice were fed diet supplemented with 1% corn oil (CO) or 0.25%
conjugated linoleic acid (CLA) trans-10, cis-12 (CLAt10c12) at the expense of CO (n = 9 per group)
starting at the secondary inoculation. Mice continued on diet until the end of the study (56 days after
primary immunization). In experiment two (b), mice were fed diets supplemented with 1% CO or 0.5%
CLA cis-9, trans-11 (CLAc9t11) at the expense of CO (n = 20 per group) starting three weeks before
primary immunization. Mice continued on diet for four weeks after arthritis development or until the end of

the study (70 days post primary immunization).
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Figure 2: Experiment 1. Arthritis incidence and absolute or normalized arthritic score of arthritic mice fed
diet supplemented with 1% CO or 0.25% CLAt10c12 beginning at secondary inoculation with chick
collagen type Il. The incidence of arthritis (a) in CO and CLAt10c12 fed mice reached a maximum of 78%.
The absolute clinical arthritic score (b) and normalized clinical arthritic score (c) were increased in

CLAt10c12 fed mice. See table 3 for summary of statistical data and error around the mean.
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Figure 3: Experiment 2. Arthritis incidence and absolute or normalized arthritic score of arthritic mice fed
diet supplemented with 1% CO or 0.5% dietary CLAc9t11 three weeks prior to immunization with chick
collagen type Il. The incidence of arthritis (a) in CO fed mice had a maximum incidence of 69%, while
CLACc9t11 fed mice had a maximum incidence of 30%. The absolute clinical arthritic score (b) and the
normalized clinical arthritic score (c) of both CO and CLAc9t11 fed mice was similar thought the study.

See table 5 for summary of statistical data and error around the mean.
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Figure 4: Paw extract concentrations of interleukin (IL)-2 (a), IL-12 (p70) (b), interferon (IFN)y (c), IL-4

(d), IL-5 (e), and IL-10 (f) in ng/g protein of sham mice fed CO (n = 7) or CLAc9t11 fed mice (n = 6) and

arthritic mice fed CO (n = 6) or CLAc9t11 (n = 6). Bars represent means + SEM. Means without a

common letter differ by P < 0.05.
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3.1 Abstract

Mixed isomer conjugated linoleic acid (CLA) and the individual isomers, trans-10, cis-12
(t10c12) and cis-9, trans-11 (c9t11), decrease severity of collagen-induced arthritis (CA) when
consumed after disease onset. Few studies have been conducted exploring the role of CLA in the
prevention of autoimmune diseases. These studies suggest that isomer specific effects may be
occurring; however, a direct comparison of CLAt10c12 and CLAc9t11 has yet to be conducted.
A study to compare CLAt10c12’s and CLAc9t11’s ability to prevent CA and assess their effects
on early inflammation was performed. DBA/1 mice were fed a semi-purified diet containing 6%
corn oil (CO), 5.5% CO and 0.5% CLAt10c12, or 5.5% CO and 0.5% CLAc9t11 (n= 27 per
diet) starting three weeks before CA primary immunization. Effects on disease incidence and
severity, anti-collagen antibodies, plasma and paw cytokines, and hepatic fatty acids were
measured. Arthritis incidence was reduced by a minimum of 34 % in mice fed either CLA
isomer compared to those fed CO diet (P = 0.06). In mice that did develop arthritis (n = 9-12
mice per treatment), CLAt10c12 reduced arthritic severity to a greater extent than CLAc9t11 and
CO (P = 0.03). CLA isomer treatment attenuated the increased hepatic arachidonic acid (20:4n-
6) observed with arthritis at one-week post-onset (P = (.03), while no differences in anti-
collagen antibodies or cytokines were observed between dietary treatments. These results suggest
that CLA isomers may be effective at preventing specific immune mediated inflammatory

diseases, in part, through modulation of the arachidonic acid cascade.
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3.2 Introduction

Approximately 32% of the United States population suffers from chronic inflammation,
characterized by non-resolving activation of the immune system [1]. This unresolved
inflammation (e.g., asthma, ulcerative colitis, atherosclerosis, sarcoidosis, rheumatoid arthritis)
can be detrimental to the body’s ability to maintain homeostasis [2]. Immune-mediated
inflammatory diseases (IMID), which include autoimmunity, type I-IV hypersensitivities, and
inflammatory bowel disease, are a class of chronic inflammatory diseases in which both the
innate and adaptive immune systems propagate disease. The autoimmune condition rheumatoid
arthritis (RA) affects about 2% of North American adults, and is often used to investigate novel
methods to treat or prevent autoimmunity [3-5].

To decrease the need for potentially harmful and costly pharmaceuticals, dietary
interventions for IMID are being explored. Using the murine CA model, dietary mixed-isomer
conjugated linoleic acid (CLA) and the individual CLA isomers, trans-10, cis-12 (t10c12) and
cis-9, trans-11 (c9t11), have been shown to reduce inflammation compared to a corn oil (CO)
control diet when provided after the onset of arthritis [6—9]. Furthermore, CLAc9t11 treatment at
0.5% of the diet was equivalent to a 1.5mg/kg/day dose of celecoxib, a cyclooxygenase (COX)-2
inhibitor commonly prescribed as an anti-inflammatory [9]. CLA’s anti-inflammatory properties
have been shown in a variety of other animal disease models, including type I hypersensitivity
[10—-12], immune-induced cachexia [13, 14], and inflammatory bowel disease [15—17].

With IMID it is difficult to control the disease stimuli; therefore, treatments have focused
on controlling progression instead of restoration or prevention. Anti-inflammatory research
involving CLA has also historically focused on disease treatment; however, the high cost and

rising incidence of chronic inflammatory diseases has created an increasing demand to combat
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prevalence. Rula et al. [18] estimated that preventative treatments for chronic inflammatory
diseases, health promotion, and chronic care management could save Medicare between $650
billion and $1.43 trillion dollars in the next ten years.

Studies that explore the preventative effects of CLA have typically used synthetic
preparations containing CLAt10c12 and CLAc9t11 in equal amounts, which does not represent
the CLA isomer ratio obtainable in the diet without additional supplementation. CLA is most
commonly consumed with the intake of ruminant lipids, which contain CLAt10c12 at 1.4 - 3.5%
and CLAcOt11 at 96.5 - 98.6% of total CLA [19]. It is valuable to study the CLA isomers
individually, as isomer-specific effects have been shown. For example, CLAt10c12 is anti-
adipogenic [20] and atherogenic [21, 22], while CLAc9t11 has no adipogenic effects [20], and is
anti-atherogenic [21, 23].

A previous study by Muhlenbeck et al. [24] examined the preventative effects of the
individual CLA isomers on arthritis incidence and reported a 39% decrease in incidence of mice
fed CLAcOt11 compared to a CO fed control group. Isomer specific differences between
CLACcY9t11 and CLAt10c12 were also suggested in this study; however, the treatment initiation
point and dose differed between CLAt10c12 and CLAc9t11, preventing a direct comparison of
their effects on arthritis incidence. The study presented here was conducted to assess the effects
of CLAt10c12 and CLAcOt11, fed individually and prior to any collagen immunization, on the

incidence of arthritis in the CA model.

3.3 Materials and Methods
Experiments were performed in accordance with an animal protocol, A005438, approved by the

College of Agricultural and Life Sciences Animal Care and Use Committee.
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Collagen-induced arthritis model.

Four-week-old DBA/1 male mice were purchased from Harlan (Indianapolis, IN). Mice were
housed in shoebox units (3 mice per box) and maintained on a 12:12 h light-dark cycle. After an
acclimation period of one week on chow diet, all mice were fed a 99% complete, casein-based,
semi-purified diet (containing 5% CO, TD94060; Harlan-Teklad, Madison, WI) supplemented
with 1% CO, 0.5% CLAt10c12 (91% pure containing no detectable CLAc9t11, Nu-Chek Prep,
Waterville, MN) and 0.5% CO, or 0.5 % CLAc9t11 (90% pure containing 5% CLAt10c12, Nu-
Chek) and 0.5% CO (n = 27 per diet). The 5% CLAt10c12 present in the 90% pure CLAc9t11
was not expected to affect active inflammation as it comprised 0.025% of the diet, below the
reported minimum effective dose of 0.125% [7]. After three weeks on treatment diets, mice
(grouped by shoebox units) were randomly assigned to receive a 100ul intradermal tail injection
of either 100pg chick collagen type II (CII) in 0.05 M acetic acid (Chondrex, Redmound, WA, n
= 18 mice per diet) or a sham injection of 0.05 M acetic acid (n = 9 mice per diet) emulsified in a
1:1 ratio with complete Freund’s adjuvant (4mg/ml heat-killed Mycobacterium tuberculosis;
Chondrex) [24, 25]. The date of primary injection was designated as primary day 0. On primary
day 21, mice received a 100pl intraperitoneal secondary injection of either 100ug chick CII in
0.05M acetic acid or a sham injection of 0.05M acetic acid emulsified in a 1:1 ratio with
Freund’s incomplete adjuvant (Chondrex). Following the secondary immunization, mice were

monitored daily for clinical signs of arthritis (see Clinical Arthritic Score).



71

Clinical arthritic score.

As previously described, mice were examined by a trained observer blinded to treatments [6, 7,
24-26]. After the secondary immunization at primary day 21, mice were monitored daily for
clinical signs of arthritis until primary day 63. Primary day 63 was chosen as the end point of the
study to avoid the risk of older mice developing spontaneous arthritis [25, 27, 28]. Mice were
scored upon arthritis development and prior to their euthanasia at arthritic day (AD) 7. Briefly,
individual paws were assigned an inflammation severity score between 0 and 4 based on edema,
erythema, joint involvement, and mobility. Individual paw scores were summed for an overall
clinical arthritic score (CAS) with a maximum of 16 [25]. Normalized arthritic score was

calculated by subtracting CAS at AD 0 from the CAS at AD 7.

Paw thickness measurements.

Upon arthritis development (AD 0) and at AD 7 paw thickness of each individual mouse paw
was measured using a pressure-sensitive caliper (SPI, Garden Grove, CA). This provided an
objective measure of arthritic severity. Measurements of individual mouse paws were summed to
provide the overall paw thickness measurement for each mouse. Normalized paw thickness was

calculated by subtracting the thickness at AD 0 from paw thickness measured at AD 7.

Plasma collection and preparation.
Blood was collected from the retroorbital venous plexus using heparinized capillary tubes
(Midwest Veterinary Supply, Sun Prairie, WI) and transferred into ethylenediaminetetraacetic

acid (EDTA) tubes (BD Biosciences, San Jose, CA), while mice were under isoflurane
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anesthesia at AD 7 or at the end of the study period for sham mice. Plasma was separated by

centrifugation at 3000xg for 10 minutes and stored at -80°C until analyzed.

Plasma anti-chick CII antibody ELISA.

Plasma samples were analyzed as previously described for total concentration of mouse anti-
chick CII immunoglobulin (Ig)G: and IgGza [26]. In this experiment, ELISA plates were blocked
using 1% dry milk (w/v, ConAgra Foods, Omaha, NE). Anti-chick collagen IgGi and IgGaa
levels were quantified with respective anti-chick CII monoclonal antibody standard (Millipore

and Chondrex).

Paw tissue collection and cytokine extraction.

After mice were euthanized by exsanguination (AD 7 for arthritic mice and primary day 63 days
for sham mice), arthritic paws of arthritic mice and all paws of sham mice were collected. Paws
were stored at -80°C until cytokine analysis. Prior to preforming the paw cytokine assay, paws
were weighed and crushed under liquid nitrogen and total protein was extracted through tissue
homogenization in cell lysing solution (Bio-Rad Laboratories, Hercules, CA) containing
phenylmethylsulfonyl fluoride, as previously described (MP Biomedicals, Santa Ana, CA) [7].
Tissue extracts were incubated at -80°C for one hour, then centrifuged at 3000xg for 10 minutes
at 4°C. Supernatant was collected and stored at -80°C until analysis. Samples were diluted to 1
mg protein/ml in phosphate buffered saline following bicinchoninic acid protein assay results

(Thermo Scientific, Waltham, MA) before final cytokine quantification [29].
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Cytokine analysis.

Paw and plasma cytokine concentrations of interleukin (IL)-2, interferon (IFN)y, tumor necrosis
factor (TNF)a, and IL-10 were quantified using Bio-Plex Pro T helper cell (Th) 1/Th2 mouse
cytokine assays according to manufacturer’s instructions (Bio-Rad Laboratories). Fluorescence
was measured using Luminex 100 system (Bio-Rad Laboratories), and results were analyzed

using Bio-Plex Manager software (Bio-Rad Laboratories).

Hepatic fatty acid determination.

Total lipids of 0.2g liver samples were extracted using chloroform:methanol (2:1, v/v) according
to the methods of Folch et al. [30]. Fatty acid methyl esters (FAME) were prepared by acid-
catalyzed methylation [31, 32]. Relative percentages of liver FAME were determined using an
Agilent 6890N gas chromatograph (Agilent Technologies Santa Clara, CA) equipped with a 100
m biscyanopropyl polysiloxane column (Restek, Bellefonte, PA). FAME were identified using a
custom qualitative FAME standard (Matreya LLC, Pleasant Gap, PA, #SPL4833). The analytical

lower-limit for individual peak assignment was 0.1% of the total peak area of each sample.

Statistical analysis.

Incidence data were analyzed using the SAS procedure LIFETEST (SAS Institute, Cary, NC) to
determine difference due to dietary treatment overtime. Development of arthritis was considered
a fail, non-survival. The SAS procedure FREQ (SAS Institute) was used to perform a Fisher
Exacts Test on the proportions of arthritic mice in each treatment group at a specified time point.
The dependent variables arthritic score, antibodies, cytokines, and fatty acid were analyzed using

the SAS procedure MIXED (SAS Institute) to determine difference due to the fixed effects of
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dietary treatment. When effects were significant (P < 0.05), ANOVA analysis was followed by a
post hoc Fischer’s Least Significant Difference test to identify individual differences among
groups. A Levene’s test was performed to detect unequal variance between groups. If a P <0.05
was detected, a Welch’s test was used to test for differences between groups. Differences were
considered significant at P < (.05 and a trend at P < 0.10. Values are displayed as means +

standard error of the mean (SEM).

3.4 Results

Collagen-induced arthritis incidence.

Maximum disease incidence occurred at primary day 63 and reached 80% in CO fed mice. Both
CLAt10c12 and CLACcOt11 decreased the incidence of arthritis, 33% and 38% respectively, over
the study period compared to CO fed mice (P = 0.06, Table 1). CLAt10c12 fed mice had
significantly reduced incidence (52%) compared to CO fed mice between AD 56 and 59, as did
CLACYt11 fed mice (79%) on days AD 43 and 44 (P < 0.05, Figure 1). Although not significant,
CLAt10c12 treatment resulted in an earlier appearance of arthritic symptoms by four days
compared to CO fed mice, while CLAc9t11 treatment delayed symptom onset by seven days

compared to CO. Arthritis symptoms were not observed in sham injected mice of any diet.

Arthritic severity.

No differences in CAS were observed at the day of arthritis onset between treatment groups
(average severity was 3.0 + 0.14, P = 0.55). At AD 7 CLAt10c12 fed mice had a 37% reduction
in CAS compared to mice fed CO (P = 0.03, Table 1). When CAS at AD 7 was normalized to

AD 0, arthritis severity decreased in the CLAt10c12 group over time (-0.33), while severity
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increased in the CO and CLAc9t11 groups (+1.21 and +1.86, respectively; P = 0.01). Paw
thickness measurements reflected the same severity reduction for CLAt10c12 fed mice (P <
0.05). There were no significant differences between CO and CLAc9t11 fed mice in any severity

measurements.

Collagen IgG antibodies.

Plasma from mice did not contain any detectable level of anti-CII IgGi or 1gGaa prior to primary
immunization, regardless of dietary treatment. Antibody levels of both subclasses increased post
primary immunization (P < 0.001). Although not significant, CLAt10c12 decreased IgGi 11%
and 1gGaa 56%, while CLAc9t11 decreased 1gG1 35% and [gG2a 30%, compared to CO fed
arthritic mice (Table 2). Plasma from sham immunized mice did not contain any detectable anti-

CII IgG1 or IgG2a.

Plasma cytokines.
Plasma sampled at AD 7 (or primary day 63 for shams) showed a trend of increased IFNy and
TNFa in arthritic mice compared to sham mice (P < (.10, Figure 2b and 2¢). No differences in

plasma cytokine levels were observed between dietary treatment groups at AD 7.

Paw cytokines.
At AD 7, there was significantly more IL-2, IFNy, TNFa, and IL-10 in paws from arthritic mice
compared to sham mice (P < 0.03, Figure 3). A trend toward reduced IL-2 levels was observed

in paws of CLAt10c12 fed mice regardless of whether mice were arthritic or sham (P = 0.08).
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Hepatic fatty acids.

No CLAt10c12 or CLAc9t11 was detected in the livers of CO fed mice (Table 3). Regarding
mice fed individual CLA isomer diets, only the sole expected CLA isomer was detected in the
livers of mice fed each respective diet. The 16:0 to 16:1c9 ratio was significantly increased in
CLAt10c12 fed mice compared to CO and CLAc9t11 fed mice (P = 0.01). 18:1c9 was
significantly increased in CLAt10c12 fed mice compared to CO and CLAc9t11 fed mice (P <
0.0001). There was a significant interaction between diet and arthritis for 18:3n-6, 20:3n-6, and

20:4n-6, which were decreased in CLAt10c12 fed mice (P < 0.05).

3.5 Discussion
When fed at 0.5% of the diet, both CLAt10c12 and CLAc9t11 reduced the incidence of arthritis
in the CA model compared to a diet containing CO as the principal fat source. In agreement with
Muhlenbeck et al., mice fed 0.5% CLAc9t11 had at least a 37% decrease in incidence of arthritis
compared to mice fed CO [24]. As CLAc9t11 is naturally abundant and can be enriched up to
6% in dairy fat [33], the practical intake of an effective preventative CLAc9t11 dose for humans
should be further investigated. Human intake of 0.5% (w/w of diet) CLAc9t11 from naturally
enriched sources is impractical (estimated at > 150g dairy fat per day); however, dietary intake
less than 0.5% per day was previously effective over time in reducing arthritic inflammation in
the CA model [8]. A dose-response experiment investigating the preventative effects of
CLACc9t11 on CA would be necessary to determine the practicality of obtaining preventative
amounts through consumption of animal fats, including dairy.

A previous study investigated the effects of CLAt10c12 on incidence of autoimmune

arthritis in the CA model [24, 26]; however, this is the first experiment to feed high-purity
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CLAt10c12 prior to the primary immunization with subsequent evaluation of arthritis incidence.
CLAt10c12 reduced incidence (33% compared to CO) similar to CLAc9t11, but also
demonstrated anti-inflammatory activity in mice that developed arthritis. CLAt10c12 is not
naturally abundant in foods, but may be attainable through supplementation. A dietary level of
0.125% CLAt10c12 (about 3g/day in humans) was effective at reducing existing arthritic
inflammation [7], and may be an effective dose for autoimmune arthritis prevention.

Autoimmune arthritis in the CA model progresses via the interactions of multiple Th
subsets (i.e. Thl, Th2, Th17, y/d T-cells), with Th1 being a major initiator of joint disease [34,
35]. It is unclear how CLAc9t11 and CLAt10c12 mechanistically decrease the onset of
autoimmunity in the CA model, although there is evidence that each isomer has differential
effects on T cell subset development [24, 36]. CLAc9t11 has been shown to inhibit T-cell
differentiation into Th1 or Th17 [12, 36—38]. In agreement with these reports, CLAc9t11, in a
previous arthritis prevention study, potentiated the adaptive immune response toward a Th2
subset in non-developed mice [24]. Previous cytokine and antibody evidence suggests that the
CLAt10c12 isomer may promote proliferation of T cells and differentiation to Th1 type
responses during the induction of arthritis in the CA model [24, 36, 39, 40]. An early polarization
toward a Th1 type response may be protective against the incidence of autoimmune arthritis by
decreasing Th17 and y/3 T cell differentiation and/or the respective cytokine repertoire [41-45].
Continued investigation into the effects of CLA isomers on Th subset differentiation in the
context of autoimmunity is required.

In mice that developed arthritis, CLAc9t11 treatment had no effect on disease severity
compared to CO, supporting results seen in Muhlenbeck et al. [24]. In this study CLAt10c12 had

significant anti-inflammatory effect on CAS and paw thickness one week after disease onset
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compared to CLAc9t11 and CO treatments suggesting additional anti-inflammatory benefit
beyond incidence prevention; although, it is predicted CLAc9t11 would also decrease arthritis
severity with more time post disease onset [6, 8, 9]. A significant increase in IL-2, [IFNy, TNFa,
and IL-10 was observed in arthritic paw tissue compared to shams supporting CA as a Thl
mediated disease [46, 47]. For both CLA isomers no significant difference in anti-collagen 1gG:
and I1gQGaa levels compared to corn oil treatment was detected. Antibody and cytokine responses
were measured in arthritic mice only one week after disease onset, which may make detecting
differences due to dietary treatment confounded by the developing pro-inflammatory state [48,
49].

As would be anticipated based on CLAt10c12’s inhibitory activity on the SCD-1 enzyme
[50, 51], CLAt10c12 increased the hepatic 16:0/16:1¢9 ratio at AD 7; however, the 18:0/18:1c9
ratio was unexpectedly decreased. CLAt10c12 increased hepatic 18:1¢9 levels by greater than 40
% in mice compared to other diets. In a previous CLAt10c12 dose-response study in the CA
model, increasing dietary CLAt10c12 was also associated with increased hepatic 18:1c9 [7]. The
elongation product of 18:1¢9 is 20:1¢11, which was also significantly increased in livers of
arthritic and sham mice fed CLAt10c12. An increase in 18:1¢9 and 20:1c11 would not be
expected due to dietary differences in these fatty acids.

Hepatic fatty acid profiles from sham and arthritic mice fed CO revealed a significant
increase in arachidonic acid (AA; 20:4n-6) in arthritic mice, while an arthritis-induced increase
in AA did not occur in mice fed CLAt10c12 or CLAc9t11. AA modulates immune and
inflammatory effects via its downstream products (e.g. prostaglandins, thromboxanes, and
leukotrienes) [52]. In both CA and human RA, prostaglandin-E>, produced by the AA cascade,

promotes Th17 cell differentiation, expansion, and ultimately disease onset, while inhibition of
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the AA cascade and certain Th cytokines (e.g. IL-17) results in impaired development of arthritis
[53-56]. The metabolic flux from linoleic acid (LA, 18:2n-6) to AA involves the intermediate di-
homo gamma linolenic acid (DGLA, 20:3n-6). Both DGLA and AA were increased in CO
arthritic mice compared to shams, which is likely associated with the developing inflammatory
response. The arthritis-associated increase in LA-AA metabolism was attenuated in CLAc9t11
fed arthritic mice and was strongly inhibited in CLAt10c12 fed arthritic mice. For both
CLAt10c12 and CLACcOt11, preventing an initial increase in AA during the earliest activation of
the immune response may be one shared mechanism by which both isomers prevent autoimmune
arthritis incidence. While significant treatment effects on plasma cytokines were not observed at
AD 7, this is not the only mechanism by which attenuation of the AA cascade may provide anti-
inflammatory benefits. For example, fatty acid-derived oxylipins are potent immune and
inflammatory modulators [57]. Paw and plasma oxylipins were not analyzed or compared here;
therefore, we cannot speculate on the specific contribution that attenuating the AA cascade had
on the observed inhibition of arthritis. Future work would be benefited by measurement of paw
cytokines along with paw fatty acid contents and oxylipins, ideally from the same specimen, to
understand the relationship between dietary fatty acid changes and tissue specific outcomes on
inflammation. The effect of reduced dietary LA intake on reduced hepatic LA abundance in
CLA-fed groups is possible; however, this and previous feeding trials suggest that similar dietary
fat replacement with CLAc9t11 does not significantly reduce hepatic LA over 4, 10, or 12 weeks
(8, 24].

Collectively, our evidence suggests that both CLAt10c12 and CLAc9t11 prevent the
onset of arthritis in the CA model. The mechanisms by which each isomer prevents disease onset

requires further investigation, although a mechanism may involve the interplay between isomer
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specific polarization of T cell mediated immunity and attenuation of the AA cascade during early

development.
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3.7 Tables

Table 1 Maximum arthritis incidence 63 days after primary immunization and clinical arthritic score,
normalized score, paw thickness, and normalized paw thickness at arthritic day 7 for mice fed 1%
corn oil, 0.5% CLAt10c12, or 0.5% CLAc9t11 diets. Arthritic score and paw thickness values include
only mice that developed arthritis (n = 12 corn oil, n = 9 CLAt10¢12, and n = 9 CLAc9t11)’

Corn oil CLAt10c12 CLACYt11 P-value
Maximum Incidence 80% 53% 50% 0.06
Clinical Arthritic Score 429+0452 2.69+052°b 4.61+0.522 0.03
Normalized Score 1.21+043° -0.33+0.50° 1.86 +£0.50 2 0.01
Paw Thickness (mm) 7.53+0.15% 7.13+0.18°" 7.80+0.182 0.04
Normalized Paw 0.48 £ 0.17 .0.07+0.20" 0.64 +0.20 2 0.04

Thickness (mm)

"Values are means + SEM. Means within a row without a common letter differ by P < 0.05. CLA =
conjugated linoleic acid and SEM = standard error of the mean
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Table 2 Anti-collagen type Il antibody titers of arthritic mice at arthritic day 7 (n =
12 corn oil, n =9 CLAt10c12, and n =9 CLAc9t11)’

pg/mi Corn oil CLAt10c12 CLACY9t11 P-Value
1gG1 72+ 18 64 + 15 47 £ 15 0.56
19G2a 3581 + 973 1565 + 484 2546 + 531 0.16

"Values are means + SEM. CLA = conjugated linoleic acid and SEM = standard
error of the mean
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Table 3 Hepatic fatty acid profiles of arthritic mice at arthritic day 7 and of sham mice at the end of the study period, 63 days after primary

immunization (for sham mice n = 9 per diet and for arthritic mice n = 12 corn oil, n =9 CLAt10c12, and n = 9 CLAc9t11)’

Sham Arthritic SEM? P-value
g/100g Com  GLAtOC12  CLACOH1T COM  CLA10c12  CLACOt11 Type  Diet Interaction
14:0 7.022 3.98° 4.46° 5.13b 5.22° 4.39° 0.22 0.55 0.003 0.01
16:0 28.85 26.62 24.80 27.28 27.44 26.57 0.40 0.67 0.06 0.23
16:1c9 212 1.03 172 1,52 1.29 1.57 0.09 031  0.004 0.10
18:0 8.47 8.97 8.98 10.05 9.20 9.38 0.31 026 098 0.67
18:1c9 19.35 24.27 18.35 15.83 25.11 15.73 0.80 0.17 <0.0001 0.34
18:1¢11 2.92 2.81 3.00 2.56 3.11 2.65 0.13 061 078 0.51
18:2n-6 17.51 15.97 21.08 19.96 14.03 20.01 0.51 0.81 <0.0001 0.07
20:0 0.37 0.40 0.35 0.37 0.36 0.33 0.01 035  0.36 0.79
18:3n-6 0.2t n/d 0.15¢ 0.1 0.04% 0.07% 0.01 0.64  0.0003 0.04
20:1¢11 0.51 0.62 0.57 0.52 0.65 0.52 0.02 095  0.01 0.55
18:3n-3 017 0.36 0.16 0.1 0.13 0.18 0.04 024 054 0.37
18:2c9t11 n/d n/d 1.24 n/d n/d 1.14 0.08 0.23 <0.0001 0.23
18:2t10¢12  n/d 0.34 nid nid 0.27 nid 0.02 0.25 <0.0001 0.25
20:2n-6 0.27 0.36 0.34 0.35 0.32 0.36 0.02 0.54 0.54 0.34
20:3n-6 063 0.47¢ 0.75¢ 0.8 0.38° 0.73% 0.02 0.80 <0.0001 0.01
20:4n-6 754 87600 9.99% 11 7.09% 11.44° 0.41 022  0.01 0.03
22:6n-3 1.45 1.62 2.10 2.20 1.36 2.47 0.1 0.15 0.005 0.11
Unknown 2.78 3.41 1.99 2.79 4.05 2.46 0.18 0.25 0.001 0.73
]gﬂ’ég 1410 3545 17.28 21.23 29.51 18.14 2.38 0.88  0.01 0.52
]g? ég 0.45 0.41 0.53 0.71 0.46 0.63 0.04 011 028 0.58

"Values are means. Labeled means within a row without a common letter differ by P < 0.05. CLA = conjugated linoleic acid and SEM = standard
error of the mean, and n/d = not detected

2Pooled SEM
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3.8 Figures

=p=Corn Oil =—==C|At10c12 CLAcOt11 Sham
100%

0% +
80% +
70% +
60%
50% +
40% +
30% +
20% +
10%
0%

Percent of Mice with Arthritis

i **###

21 28 35 42 49 56 63
Days Post Primary Immunization

Figure 1: Arthritis incidence of mice fed diets supplemented with 1% corn oil, 0.5% conjugated linoleic
acid (CLA) t10c12, or 0.5% CLACc9t11 starting three weeks prior to immunization with chick collagen type
[I. The maximum incidence of arthritis was 80% for corn oil (n = 12), 53% for CLAt10c12 (n = 9), and 50%
for CLAc9t11 fed mice (n = 9). Sham values are representative of all three dietary treatments. Labeled
measures indicate a significant or trending difference compared to corn oil fed mice at the specific day, *

represents P < 0.05 and #represents 0.70 = P > 0.05. See table 1 for statistical analysis over time
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Figure 2: Plasma concentrations of interleukin (IL)-2 (a), interferon (IFN)y (b), tumor necrosis factor
(TNF)a (c), and IL-10 (d) in ng/L of sham (n = 4 per diet) and arthritic mice (n = 9 per diet) fed 1% corn oil,
0.5% CLAt10c12, or 0.5% CLACc9t11 three weeks prior to immunization with chick collagen type II.
Plasma was collected from arthritic mice one week after arthritis onset and from sham mice at the end of

the study period (63 days after primary immunization). Bars represent means + SEM
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Figure 3: Paw extract concentrations of interleukin (IL )-2 (a), interferon (IFN)y (b), tumor necrosis factor
(TNF)a (c), and IL-10 (d) in ng/g protein from sham (n = 4 per diet) and arthritic mice (n = 9 per diet) fed
1% corn oil, 0.5% CLAt10c12, or 0.5% CLACc9t11 three weeks prior to immunization with chick collagen
type Il. Paws were collected from arthritic mice one week after arthritis onset and from sham mice at the

end of the study period (63 days after primary immunization). Bars represent means + SEM
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4.1 Abstract

Autoimmune disease prevalence, in the United States, is projected to increase to 49% of the
population by 2040. The rise in disease incidence will coincided with an increase in the already
large economic strain attributed to autoimmune diseases. While pharmaceuticals are generally the
first resources for disease care, dietary treatments are being increasingly looked upon as cost-
effective alternatives with less negative side effects. Dairy fats, including trans-11 vaccenic acid
(TVA) and its desaturation product conjugated linoleic acid (CLA) cis-9, trans-11 (c9tl1) are
known for their anti-inflammatory properties; however, more exploration into the minimally
effective dose and mechanism of action is required for these fatty acids to be adopted as
autoimmune disease treatment. DBA/1 male mice (n = 162) were fed diets containing 0, 0.25, 0.5,
or 1% TVA, with a fat background that was intended to either allowed (corn oil, CO) or inhibited
(cottonseed oil, CSO) TVA’s conversion to CLAc9t11, for nine weeks after onset of collagen-
induced arthritis. Arthritic severity and hepatic fatty acid profiles were compared between dietary
treatment groups. A trend toward decreased clinical arthritic severity in mice fed a CSO containing
diet, regardless of TVA dose, was observed (P =0.06). At the end of the study, 63 days after
arthritis onset, the 0.25% TVA + 5.75% CO diet showed the largest decrease (91%) in arthritic
severity compared to the 6% CO control diet. No difference in the TVA to CLAc9t11 conversion
was observed between CO and CSO diets, with an average conversion of 42% (P =0.12). The
minimal effective anti-inflammatory dose of TVA was lower than previously suggested, and
although CSO did not inhibit the TVA to CLAc9t11 conversion as predicted, CSO may have

additional anti-inflammatory benefits of its own.
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4.2 Introduction

Over 52.5 million Americans suffer from an autoimmune disease [1]. Of autoimmune
conditions, rheumatoid arthritis (RA) is extremely common, affecting 1.5 million people
across the United States in 2007 [2]. In RA, the immune system targets the synovial joints
resulting in severe pain and swelling [3]. The pain increases the sufferer’s reliance on
pharmaceutical drugs as treatments, which can be expensive and lead to harmful side effects
[4]. Understanding alternative treatment options, like dietary intervention, for autoimmune
disease can reduce provide a much needed cost and health savings [5]. One such dietary
treatment option being explored is dairy fat, specifically the fatty acids conjugated linoleic
acid (CLA) isomer cis-9, trans-11 (c9t11) and trans-11 vaccenic acid (TVA), the metabolic
precursor of CLAc9t11 [6-8].

CLACc9t11 is known to provide several anti-inflammatory health effects in
inflammatory bowel disease [9, 10], allergy [11], and RA [7, 12]. Suggested mechanisms of
action for these anti-inflammatory effects include the regulation of proliferator-activated
nuclear receptor (PPAR)y [9, 13, 14], reducing tumor necrosis factor (TNF)a [15, 16],
increasing interleukin (IL)-10 [12, 17, 18], and replacing arachidonic acid (AA) [7, 12, 19].
TVA is a metabolic precursor to CLAc9t11, and gets converted to CLAc9t11 through the
delta-9 desaturase, stearoyl-CoA desaturase (SCD)-1 at approximately 19% in humans [20].
More research is needed to understand this conversion fully, as studies have suggested a
much higher hepatic conversion of CLAc9t11 to TVA at 48% [8]. TVA has been shown to
reduce cardiovascular disease [21-23], anti-inflammatory mediators [24], metabolic

syndrome [25], and arthritis [19].
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Research to determine if TVA’s anti-inflammatory effects are due to TVA itself or
dependent on the conversion to CLAc9t11, has been limited and varying. TVA treatment in
vitro caused the reduction of IL-2 and TNFa production through direct activation of PPARY,
independent of its conversion to CLAc9t11 [26, 27]. The anti-carcinogenic effects of TVA on
mammary tumors was attenuated when the conversion of TVA to CLAc9t11 was partially
blocked by sterculic acid, a delt-9 desaturase inhibitor [28]. TVA and CLAc9t11 may also
have synergistic anti-inflammatory effects, as demonstrated by a rodent allergic airway
inflammation model in which milk fat reduced inflammatory leukocyte infiltration in airways
and plasma only when TVA and CLAc9t11 were fed in combination [29].

To study the anti-inflammatory effects of both TVA independently and after conversion to
CLAC9t11, mice, with collagen-induced arthritis (CA), were fed diets supplemented with 0, 0.25,
0.5, or 1% TVA on either a corn oil (CO) or cottonseed oil (CSO) background (up to 6% of the
diet). CSO contains the cyclopropenoid fatty acids malvalic, sterculic, and dihydrosterculic acid,
which are linked to inhibition of delta-9 desaturase activity [30—32]. In mice, studies showed a
10% inhibition of SCD-1 activity [30], and in a preliminary study by Cook laboratory a 10%
decrease in the hepatic conversion of TVA to CLAc9t11 was observed when mice were fed 0.5%
TVA + 0.5% CSO for three weeks. CSO has been used as a control diet in the CA model, and
showed no change in rheumatoid arthritis severity in a clinical trial [33, 34]. This study was
designed to assess the anti-inflammatory effects of TVA independently and due to its conversion

to CLACc9t11, while further assessing a minimum effective anti-inflammatory TVA dose.
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4.3 Materials and Methods
Experiments were conducted in accordance with an animal protocol, A005438, approved

by the College of Agricultural and Life Sciences Animal Care and Use Committee.

Collagen-induced arthritis model.

Four-week-old DBA/1 male mice (n = 162) purchased from Harlan (Indianapolis, IN), were
housed in shoebox units (3 mice per box), and maintained on a 12:12 h light-dark cycle. After a
one-week acclimation period on chow diet, mice were switched to a 94% complete semi-
purified diet (n = 81 mice per diet, TD10053 Harlan-Teklad, Madison, WI) supplemented with
either 6% CO or 6% CSO (CocoJoJo, Santa Ana, CA) (Table 1). After three weeks on initial
treatment diets, mice (grouped by shoebox units) were randomly assigned to receive a 100ul
intradermal tail injection of either 100pg chick collagen type II (CII) (Chondrex, Redmound,
WA, n =72 mice per diet) in 0.05M acetic acid or a sham injection of 0.05M acetic acid
emulsified in a 1:1 ratio with complete Freund’s adjuvant (4mg/ml heat-killed Mycobacterium
tuberculosis; Chondrex, n = 9 mice per diet) [35, 36]. Twenty-one days after the primary
injection, mice received a 100l intraperitoneal secondary injection of either 100pug chick CII in
0.05M acetic acid or a sham injection of 0.05M acetic acid emulsified in a 1:1 ratio with
Freund’s incomplete adjuvant (Chondrex). Following the secondary immunization, mice were

monitored daily for clinical signs of arthritis (see Clinical Arthritic Score).
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Clinical arthritic score.

Mice were examined by a trained observer, blinded to treatments. After the secondary
immunization, mice were monitored daily for clinical signs of arthritis for nine weeks. Nine
weeks post-secondary injection was chosen to avoid the risk of older mice spontaneous
developing arthritis [37]. Arthritis onset was defined as clinical arthritic score (CAS) of greater
than two for two consecutive days. As previously described, individual paws were assigned an
inflammation severity score between 0 and 4 based on edema, erythema, joint involvement, and
mobility [12, 36]. Individual paw scores were then summed for an overall CAS with a
maximum of 16. The date of arthritis development was recorded as arthritic day (AD) 0. Upon
development of arthritis, mice were scored three times per week for nine weeks. Normalized

arthritic score was calculated by subtracting CAS at AD 0 from the CAS any given AD.

Dietary treatment.

Once a mouse was declared arthritic (CAS of two or greater for two consecutive days), it was
moved to a new shoebox, started on one of eight dietary treatments, and remained on that diet
until the end of the study period, AD 63. Mice remained on their respective CO or CSO, pre-
arthritis development, background fat source (up to 6%), with the additional supplementation of
either 0, 0.25, 0.5, or 1 % TVA (Table 1). To minimize the stress of individually housed mice,
when mice from the same shoebox unit as an already arthritic mouse became arthritic, they were

assigned to the same diet and placed in the same shoebox as the original mouse.

Paw thickness measurements.
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Once weekly, between AD 0 and AD 63, paw thickness of each individual mouse paws were
measured using a pressure-sensitive caliper (SPI, Garden Grove, CA). Measurements of
individual mouse paws were summed to provide the overall paw thickness measurement for
each mouse. Normalized paw thickness was calculated by subtracting the paw thickness at AD 0

from paw thickness measured at a given AD.

Hepatic fatty acid determination.

After mice were euthanized by exsanguination on AD 63, liver samples were collected and
stored at -80°C until analyzed. Total lipids of 0.2g liver samples were extracted using
chloroform:methanol (2:1, v/v) according to the methods of Folch et al. [38]. Fatty acid methyl
esters (FAME) were prepared by acid-catalyzed methylation [39, 40]. Relative percentages of
liver FAME were determined using an Agilent 6890N GC (Agilent Technologies Santa Clara,
CA) equipped with a 100m CP-Sil 88 column (Varian Palo Alto, CA) [41]. FAME were
identified by comparing retention times against a custom qualitative FAME standard (Matreya,
LLC, Pleasant Gap, PA, #SPL4833). The conversion of hepatic TVA to CLAc9t11 was
calculated by the net gain of CLAc9t11 as a percentage of TVA equivalents (TVA +

CLACcOt11) [8, 20]. This approach represents conversion based on retained TVA.

Statistical analysis.

The SAS procedure FREQ (SAS Institute, Cary, NC) was used to perform a Fisher Exacts Test
on the proportions of arthritic mice in each treatment group at a specified time point. SAS
procedure MIXED (SAS Institute, Cary, NC) to determine difference due to the fixed effects of

dietary treatment and time. In order to account for repeated measures of score across time, a
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REPEATED statement was employed with the SAS procedure MIXED with a first order
autoregressive covariance structure. Additionally, each dependent variable was tested utilizing
unequal variance among groups and a Levene’s test was performed determine the appropriate
model (P <0.05). When dependent variables are identified to have a significant diet, arthritis,
time, and/or interaction (P < 0.05) ANOVA analysis was followed by post hoc least squared
difference test to identify individual differences among groups. Differences were considered
significant at P < (.05 and a trend at P < (./0. Values are displayed as means + standard error

of the mean (SEM).

4.4 Results

Collagen-induced arthritis incidence.

Overall arthritis incidence was 47% in mice fed 6% CO diet and 53% in mice fed 6% CSO diet
prior to arthritis onset (P = 0.64). Sham immunized mice of either diet showed no signs of

arthritis.

Body weight.

No difference in body weight was observed between dietary treatment groups of arthritic mice (P
= (.76, Table 2). The overall mean body weight of all arthritic mice between AD 0 and 63 was
27.4g £ 0.15. Although a significant change in body weight was observed over the nine-week

study (P = <0.0001), there was no interaction between dietary treatment and time (P = 0.63).
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Arthritic severity.

Normalized clinical arthritic score at AD 7 showed a trend toward reduced severity of all CSO
background fed treatment groups (P = 0.08, Table 3). A trend toward an interaction between diet
and day was also identified for normalized CAS (P = 0.06). Generally, decreased severity was
observed in mice fed CSO when compared to the equivalent TVA dose with a CO background.
No significant differences were identified between treatment groups or over time when
comparing mean normalized paw thickness (P = (.11, Table 4). Decreased severity was again

observed in mice fed CSO when compared the equivalent TVA dose on a CO background.

Hepatic fatty acids.

The level of hepatic CLAc9t11 increased with increasing dietary TVA dose (P = <0.0001,
Table 4). The TVA to CLAc9t11 conversion ratio almost reflected the increase in dietary TVA;
however, the 0.5% TVA + CSO treatment had the lowest conversion at 36% (P = 0.12). The
regression of hepatic CLAc9t11 and arthritic severity at AD 63 showed no significant correlation
(R’ = 0.001, Figure 1). Regardless of TVA dose, mice fed diets with a CSO background had an
83% decrease in 22:3n-6 compared to mice fed a CO background (P = <0.0001). Again
regardless of TVA dose, there was a 48% increase in the amount of unidentified hepatic fatty
acids in all CSO fed mice compared to mice fed CO (P = <0.0001). CLAt10c12 was not
detected in any dietary treatment group. There was no difference in the 16:0 to16:1c9 or 18:0

to18:1¢9 ratio between dietary treatments. (P = 0.55 and P = (.63, respectively).
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4.5 Discussion

Mice fed 0.25% TVA + 5.75% CO had a 91% decrease in normalized arthritic severity compared
to a 6% CO control diet. This dietary dose resulted in 0.36% hepatic CLAc9t11, which was
similar to the 0.25% TVA + 5.75% CSO diet. The previously identified minimum effective TVA
dose, in the CA model, was 0.375% of diet [8]. The previous identified minimum effective dose
for CLACcOt11, 0.125% of diet, resulted in a 75% decrease in severity compared to CO control
diet, and a hepatic CLAc9t11 level of 0.34% with no detected TVA [7]. Comparing these studies
suggests that TVA may provide anti-inflammatory effects below the previously predicted
minimally effective dose. It may also support that TVA can provide anti-inflammatory benefits,
beyond its conversion to CLAc9t11; however, doses below 0.125% CLAc9t11 need to be
explored.

As dietary TVA dose increased hepatic CLAc9t11 followed, with an average conversion,
of TVA to CLAc9t11, of 43% for mice fed a CO background. The average TVA to CLAc9t11
conversion was 40% for mice fed a CSO background diet. These was no statistically significant
difference between these groups. Inhibition of SCD-1 and the TVA to CLAc9t11 conversion was
anticipated at a minimum of 10% [30-32]. There was also no significant difference between CO
and CSO treatments in the 16:0/16:1c9 and 18:0/18:1c9 ratios, which suggests no SCD-1
inhibition was induced. The 59% increase in 16:0 and 39% decrease in 18:1c9 in dietary CSO
compared to CO may skew these ratios. The lack of SCD-1 inhibition may be a result of low
statically power in the study; it may also suggest that the unrefined CSO used is not the best way
to inhibit the TVA to CLAc9t11 conversion. Options to explore in the future include:
quantification of the cyclopropenoid fatty acid levels, supplementation with isolated sterculic oil,

pharmaceuticals SCD-1 inhibition, or gene modification to induce inhibition [42—45].
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Mice fed a diet of 6% CSO had a 56% reduction in arthritic severity at the end of the
study period compared to mice fed 6% CO diets. This suggests that CSO may have some anti-
inflammatory benefit of its own, and was not anticipated as CSO has been used as a control diet
the CA model previously and associated with more severe inflammation [34]. In the CA model
of arthritis CSO fed mice had 78% arthritis incidence, highly inflamed cartilage, increased level
of TNFa, IL-18, IL-17, IL-21, and IL-6, and decreased IL-10 [34]. In a human clinical trial,
control group patients who received 6g/day CSO showed no arthritis improvement over a 24
week treatment period [33]. The increase in hepatic 22:6n-3 (docosahexaenoic acid, DHA) levels
in CO fed mice compared to CSO fed mice is also interesting, as this fatty acid is typically
considered to be anti-inflammatory [46]. The anti-inflammatory benefit of CSO may be
associated with the unidentified hepatic fatty acids, which were increased compared to CO fed
mice. Future CSO studies would be benefited by a standard to quantify cyclopropenoid fatty
acids, and quantification of inflammatory responses through protein and RNA markers.
Inflammation severity scores for all dietary treatments containing CSO could be further
normalized to the baseline effects of the 6% CSO diet; however, further research is required for
analysis in this manner to be justified.

Results in this study varied greatly from the predicted negative sloped line demonstrating
increased hepatic CLAc9t11 levels correlated with decreased arthritic severity. Mice fed 1%
TVA + 5% CO only had an 11% decrease in arthritic severity. Interestingly, this dietary dose
resulted in the highest amount of hepatic CLAc9t11 (1.5%). Paw thickness and severity score
generally agreed, demonstrating that the effects observed were unlikely due to qualitative scoring
errors. The hepatic TVA and CLAcOt11 levels within individual dietary treatment groups

following predicted values confirms that proper dietary treatments were fed to each group
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throughout the study. The study’s unpredicted results may be due to low power in the study or
variation in the collagen-induced arthritis model [12, 36]. Further analysis into the results
observed in this study, and the mechanism by which they occur may provide more clarification
into the observed effects.

Overall, this study suggests that TVA has anti-inflammatory properties below the
previously anticipated minimum effective level and that these effects are due to both TVA itself
and its conversion to CLAc9t1. Further comparisons are still required to support this hypothesis
and identify the mechanisms responsible for these effects. The anti-inflammatory benefit of both
CLACcYt11 and TVA provides value to dietary supplementation with diary fat enriched for these

fatty acids as an anti-inflammatory treatment.
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4.7 Tables

Table 1 Fatty acid composition of dietary lipid sources

Fatty Acid (g/100g) Cornoil CSO TVA
14:0 n/d 0.71 n/d
16:0 12.8 20.3 n/d
16:1c9 n/d 0.43 n/d
18:0 24 1.99 n/d
TVA n/d n/d 99.0
18:1c9 29.1 17.7 n/d
18:1c11 0.8 1.0 n/d
18:2n-6 53.2 57.0 n/d
18:2c9t11 n/d n/d n/d
18:2t10c12 n/d n/d n/d
20:0 0.5 0.18 n/d
Unknown 1.2 0.69 1.0

CSO = cottonseed oil, TVA = trans-11 vaccenic acid, n/d= not detected

107
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Table 2 Mean body weight of arthritic mice, by dietary treatment group, from arthritic day 0 to 63 in

grams
Arthritic Day 4 7 14 21 28 35 42 49 56 63 | SEM
(grams)
cso 205 278 284 286 300 294 291 294 296 29.6
Corn Oil 256 253 255 255 256 260 261 264 260 26.7
g'ég% TVA+ 583 264 270 268 271 277 275 280 27.8 28.0
025% TVA+ 77 264 265 267 265 270 268 273 272 2717
Corn Qil
g'gg’ TVA+ 507 212 264 277 272 273 272 216 274 286 | O1°
05%TVA+ o741 269 266 268 268 280 270 271 273 275
Corn Qil
0,
éé’g VA + 202 279 283 284 284 285 284 283 283 29.3
1% TVA + 271 253 252 258 257 257 265 268 267 274
Corn Oil
PValue 061 085 066 063 063 061 079 083 068 0.82

CSO = Cottonseed oil, TVA = trans-11 vaccenic acid, and SEM = Standard error of the mean pooled
for all samples on all dates
n Values: CSO =9, Corn oil = 8, 0.25% TVA + CSO =9, 0.25% TVA + Corn Qil = 9, 0.5% TVA + CSO

=10, 0.5% TVA + Corn Oil = 10, 1% TVA + CSO = 10, 1% TVA + Corn oil = 7.

Overall P-Value

Diet Day

Diet*Day

0.76 <0.0001

0.63



Table 3 Mean normalized clinical arthritic score, by dietary treatment group, from arthritic day

0 to 63"
Arthritic Day 7 14 21 28 35 42 49 56 63 | SEM
cso 044 028 -006 -0.67 -028 097 053 075 094
Corn oil 089 072 044 090 150 1143 141 216 216
°c'§f)% TVA+ 103 097 033 106 086 083 156 147 1.22
025% TVA+ 558 (064 067 050 011 049 111 141 0.9
Corn oil
0.09

°c'§Z/5’ TVA*+ 000 033 093 025 118 075 173 095 092
05% TVA+ 548 075 130 093 103 136 050 125 1.36
Corn oil
1% TVA + 080 125 058 060 110 140 103 118 068
cso
1% TVA + 221 282 218 250 157 161 089 107 193
Corn oil

PValue 008 034 078 035 067 09 095 097 080

"Normalized score is defined as the clinical arthritic score on arthritic day 0 subtracted from

the clinical arthritic score on a given day.

CSO = Cottonseed oil, TVA = trans-11 vaccenic acid, and SEM = Standard error of the mean
pooled for all samples on all dates

n Values: CSO =9, Corn oil = 8, 0.25% TVA + CSO =9, 0.25% TVA + Corn oil =9, 0.5% TVA
+ CSO =10, 0.5% TVA + Corn oil =10, 1% TVA + CSO =10, 1% TVA + Corn oil = 7.

Overall P-Value

Diet

Day

Diet*Day

0.84

0.14

0.06
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Table 4 Mean normalized paw thickness, by dietary treatment group, from arthritic day 0 to 63"

Arthriic Day 7 14 21 28 35 42 49 56 63 | SEM
cso 034 025 009 030 025 055 055 051 052
Corn oil 033 020 022 046 046 053 043 078 0.76
0.25% TVA
o 001 -012 -020 -002 -0.08 003 007 -015 0.01
025%TVA (03 017 014 019 018 002 019 028 0.18
+ Corn oil
oc'gzg’ TVA+ 036 0417 047 027 036 028 040 043 037 | %03
05% TVA+ (140 041 030 005 025 042 031 033 043
Corn oil
0,
éé’g VA* 044 037 023 021 045 052 040 026 042
1% TVA+ 550 085 089 084 083 08 071 084 1.01
Corn oil
PValue 022 021 034 033 026 030 069 011 0.18

"Normalized paw thickness is defined as the sum of all 4 individual paw thicknesses (mm) on
arthritic day 0 from the sum of all 4 individual paw thicknesses (mm) at a given day.
CSO = Cottonseed oil, TVA = trans-11 vaccenic acid, and SEM = Standard error of the mean
pooled for all samples on all dates
n Values: CSO =9, Corn oil = 8, 0.25% TVA + CSO =9, 0.25% TVA + Corn 0il =9, 0.5% TVA +
CSO =10, 0.5% TVA + Corn oil =10, 1% TVA + CSO =10, 1% TVA + Corn oil = 7.

Overall P-Value

Diet

Day

Diet*Day

0.11

0.11

0.94
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Table 5 Hepatic fatty acids of arthritic mice at end of the study period (arthritic day 63, nine weeks after initiation of
TVA treatment diets)

0.25% 0.5% 1%
. 0.25% 0.5% 1%
+ + +
"aiooe, | €0 Cut tvas TR Tvas TUAY Tvas TURE | SEM' | Pvalue
CSO oil CSO oil CSO oil
120 046 065 066 0.49 097 162 168 155 024 045
16:0 29.4% 7.8  284%  27.6% 207 267° 275  26.6° 0.20 0.005
16:1c9 183 1.01 1.80 2.12 231 1.95 231 2.16 0.07 0.35
18:0 103 993 983 9.08 9.51 9.54 8.79 8.49 0.17 0.1
TVA nige nde 049 049°  087°  096°  160°  1.83° 0.07 | <0.0001
18:1c9 16.0 18.0 16.8 196 17.8 17.9 176 183 0.32 0.31
18:1c11 288 262 277 3.07 2.94 3.05 3.19 2.86 0.06 0.62
18:2n-6 16.200 1822 17.4®  174%c 1559 1549 1549 1649 | 022 0.009
20:0 0.39 044 043 0.42 0.46 0.39 0.38 0.40 0.01 0.54
18:3n-6 0.14 018 018 0.17 0.15 0.14 0.15 0.14 0.01 0.31
20:1¢11 059%  070%  059°  077° 059 0722  057°  0.68% | 001 0.006
18:3n-3 020°  038°  020° 035 021!  031% 022  032® | 001 0.003
CLACOt11 nid? nd® 033  036° 058 066"  1.40° 1,58 0.06 | <0.0001
CLAH0c12 n/d n/d n/d n/d n/d n/d n/d n/d ) :
20:2n-6 0.39%  038%  043°  034%¢  033¢ 0324  033¢ 030 0.01 0.001
20:3n-6 0.80 087 083 0.84 0.79 0.82 0.78 0.82 0.01 0.70
20:4n-6 12.3 111 14 106 1.4 15 108 106 0.23 0.41
22:6n-3 050°  356° 054> 348  0.80°  320° 045  337° 017 | <0.0001
Unknown 7.80°  328°  754® 318  6.14°  48F  683® 3689 | 022 | <0.0001
C[Xégtt% ; ; 0.40 0.43 0.36 0.40 0.47 0.45 0.01 0.12
]gf?;g 173 15.8 15.9 144 14.8 145 13.2 17 0.57 0.55
]gf?gg 0.67 0.57 0.60 0.49 0.60 0.56 0.53 0.49 0.02 0.63

"Pooled SEM. CSO = Cottonseed oil, TVA = trans-11 vaccenic acid, CLA = conjugated linoleic acid, SEM =

Standard error of the mean

n Values: CSO =9, Corn oil = 8, 0.25% TVA + CSO =9, 0.25% TVA + Corn oil = 9, 0.5% TVA + CSO = 10, 0.5% TVA + Corn oil

=10,1% TVA + CSO =10, 1% TVA + Corn oil = 7.
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Figure 1: Regression of mean normalized clinical arthritic score at arthritic day (AD) 63 and hepatic
CLAc9t11 (R2 = 0.001). Symbols representing dietary groups are as follows: 6% cottonseed oil (CSO)@,
6% corn oil (CO) @, 0.25% trans -11 vaccenic acid (TVA) + 5.75% CSO#, 0.25% TVA + 5.75% CO H,

0.5% TVA + 5.5% CSOA , 0.5% TVA + 5.5% COA, 1% TVA + 5% CSO €, 1% TVA + 5% CO ®.
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Chapter 5:

Trans-11 vaccenic acid prevents collagen-induced arthritis.
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5.1 Abstract

Trans-11 vaccenic acid (TVA) is converted by stearoyl-CoA desaturase-1, a delta-9 desaturase,
to conjugated linoleic acid (CLA) isomer cis-9, trans-11 (c9t11). TVA and CLAc9t11 both
decrease the severity of collagen-induced arthritis (CA) when consumed after disease onset.
TVA has its own anti-inflammatory properties, but its effects on CA are also linked to its
conversion to CLAc9t11. CLAc9t11 reduces the incidence of CA when provided prior to CA
immunization; however, TVA’s ability to prevent inflammatory disease has yet to be examined.
DBA/1 male mice (n = 54) were fed a 99% complete semi-purified diet supplemented with 1%
corn oil (CO) or 0.5% TVA + 0.5% CO starting three weeks before CA immunization. Dietary
effects on disease CA incidence and severity were monitored; changes in anti-collagen
antibodies and hepatic fatty acids were also measured. Overall incidence of arthritis was reduced
35% in mice fed TVA compared to a CO control diet (P = 0.11). In mice that developed arthritis,
TVA had no effect on early disease severity or anti-collagen antibody levels. The conversion of
TVA to CLAcOt11 increased 29% in arthritic mice. This reduced arthritis incidence supports the
continued exploration into the use of TVA and dairy fat as preventative treatments for

inflammatory disease.
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5.2 Introduction

Trans-11 vaccenic acid (TVA), a precursor to conjugated linoleic acid (CLA) cis-9, trans-11
(c9t11), is abundant in dairy fat at levels up to 14% of total fatty acids [1]. Approximately 12%
(mice) [2] to 19% (humans) [3] of dietary TVA is converted to CLAc9t11 by stearoyl-CoA
desaturase (SCD)-1, a delta-9 desaturase. CLAc9t11 known for its anti-inflammatory properties,
particularly in immune mediated inflammatory diseases (IMID) including arthritis [4-8]. TVA
also has anti-inflammatory actions in cardiovascular disease [9—11], allergic dermatitis [12],
metabolic syndrome [13], and arthritis [14].

The rising cost, prevalence, and destructive effects of IMID and their pharmacological
treatments supports the need for investigation into dietary anti-inflammatories like CLAc9t11
and TVA as cost effective and safe alternatives to current practices [15, 16]. Using the collagen-
induced arthritis (CA) model of rheumatoid arthritis (RA), dietary treatment with 0.5%
CLACcOt11 was equivalent to a 1.5mg/kg dose of celecoxib, a commonly prescribed anti-
inflammatory with many side effects [14, 17-19]. Olson [7] fed mice with CA 0.375, 0.75, or
1.5% TVA and observed a 21, 42, and 65% decrease in arthritic severity, respectively, compared
to a corn oil (CO) control diet. TVA’s anti-inflammatory properties in CA are likely linked to its
conversion to CLAc9t11 [20, 21]. Currently, the minimum effective anti-inflammatory dose of
CLACcOt11 1s 0.125% and 0.25% for TVA [6]. The simplest method to receive the anti-
inflammatory benefit of CLAc9t11 TVA is dietary supplementation with dairy fat. Dairy fat can
be enriched to contain CLAc9t11 at 6 % of total fatty acids [1, 22] and TVA up to 14% [1]. Fed
to mice at 6% of the diet, dairy fat reduced the severity of CA [6]. The amount of CLAc9t11 and

TVA in maximally enriched dairy fat could allow humans to receive an anti-inflammatory
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benefit through the consumption of dairy fat below the recommended intake limit of 30g/day set
by the United Sates Department of Agriculture [23].

Safer cost effective treatment options, like dairy fat, for inflammatory disease is
beneficial. However, low cost preventative therapies can be an even more beneficial option.
Preventative treatments for chronic inflammatory diseases could save Medicare between $650
billion and $1.43 trillion in the next ten years [24]. Fed prior to any collagen immunization, a
0.5% dose of CLAc9t11 reduced CA incidence by 39% [8]. TVA has been shown to have similar
anti-inflammatory effects as CLAc9t11 [7]; therefore, the study in this chapter was conducted to
assess the ability of dietary supplementation with 0.5% TVA to prevent CA and explore its

effects on early stage disease severity.

5.3 Materials and Methods
Experiments were conducted in accordance with an animal protocol, A005438, approved by the

College of Agricultural and Life Sciences Animal Care and Use Committee.

Collagen-induced arthritis model.

Four-week-old DBA/1 mice were purchased from Harlan (Indianapolis, IN) and housed in
shoebox units (3 mice per box) and maintained on a 12:12 h light-dark cycle. After an
acclimation period of one week on chow diet, all mice were fed a 99% complete diet, casin-
based, semi-purified diet (containing 5% CO, TD94060; Harlan-Teklad, Madison, WI)
supplemented with 1% CO or 0.5% TVA (99% pure, Nu-Chek). After three weeks on treatment
diets, mice (grouped by shoebox units) were randomly assigned to receive a 100ul intradermal

injection, at the base of the tail, of 100ug chick collagen type II (CII) in 0.05M acetic acid
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(Chondrex, Redmound, WA, n = 18 mice per diet) or a sham injection of 0.05M acetic acid (n =
9 mice per diet) emulsified in a 1:1 ratio with complete Freund’s adjuvant (4mg/ml heat-killed
Mycobacterium tuberculosis; Chondrex) [25, 26]. The date of primary injection was designated
as primary day 0. On primary day 21, mice received a 100ul intraperitoneal secondary injection
of either 100pg chick CII in 0.05M acetic acid or a sham injection of 0.05M acetic acid
emulsified in a 1:1 ratio with Freund’s incomplete adjuvant (Chondrex). Following the
secondary immunization mice were monitored daily for clinical signs of arthritis (see arthritis

assessment).

Arthritis assessment.
As previously described, mice were examined by a trained observer blinded to treatments [5, 8,
25-27]. After the secondary immunization, at primary day 21, mice were monitored daily for
clinical signs of arthritis until primary day 63. Day 63 was chosen as the end point of the study to
avoid the risk of older mice developing spontaneous arthritis [26, 28, 29]. Mice were scored
upon arthritis development and prior to their euthanasia at arthritic day (AD) 7. Briefly,
individual paws were assigned an inflammation severity score between 0 and 4 based on
inflammation, redness, joint involvement, and mobility and summed for the clinical arthritic
score (CAS) with a maximum of 16 [26]. Normalized arthritic score was calculated by
subtracting CAS at AD 0 from a given AD score post AD 0.

Upon arthritis development (AD 0) and at AD 7 paw thickness of each individual mouse
paw was measured using a pressure-sensitive caliper (SPI, Garden Grove, CA). This provided an

objective measure of arthritic severity. Paw thickness measurements are represented as a sum of
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all 4 paws of an individual mouse paws. Normalized paw thickness was calculated by subtracting

the thickness at AD 0 from paw thickness measured at AD 7.

Plasma collection and preparation.

Blood was collected from the retroorbital venous plexus using heparinized capillary tubes
(Midwest Veterinary Supply, Sun Prairie, WI) and transferred into ethylenediaminetetraacetic
acid (EDTA) tubes (BD Biosciences, San Jose, CA), while mice were under isoflurane
anesthesia at AD 7 or at the end of the study period for sham mice. Plasma was separated by

centrifugation at 3000xg for 10 minutes and stored at -80°C until analyzed.

Plasma anti-CII antibody ELISA.

Plasma samples were analyzed as previously described for total concentration of mouse anti-
chick CII immunoglobulin (Ig)G: and IgGza [25]. In this experiment, ELISA plates were blocked
using 1% dry milk (w/v, ConAgra Foods, Omaha, NE) and anti-CII IgG2a levels were quantified

with respect to an anti-CII IgG2a monoclonal antibody standard (Chondrex).

Hepatic fatty acid determination.

Total lipids of 0.2g liver samples were extracted using chloroform:methanol (2:1, v/v) according
to the methods of Folch et al. [30]. Fatty acid methyl esters (FAME) were prepared by acid-
catalyzed methylation [31, 32]. Relative percentages of liver FAME were determined using an
Agilent 6890N GC (Agilent Technologies Santa Clara, CA) equipped with a 100m
biscyanopropyl polysiloxane column (Restek, Bellefonte, PA) [33]. FAME were identified

against a custom qualitative FAME standard (Matreya, LLC, Pleasant Gap, PA, #SPL4833) by
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comparing retention times. The conversion of stored TVA to CLAc9t11 was calculated by the
net gain of CLAc9t11 as a percentage of TVA equivalents (TVA + CLAc9t11) [3, 7]. This

approach represents conversion based on retained TVA.

Statistical analysis.

Incidence data was analyzed using the SAS procedure LIFETEST (SAS Institute, Cary, NC) to
determine difference due to dietary treatment overtime. The dependent variables, arthritic score
and antibodies, were analyzed using the SAS procedure MIXED (SAS Institute) to determine
difference due to the fixed effects of dietary treatment. When dependent variables were identified
to have a significant type, diet, and/or interaction (P < 0.05) ANOVA analysis was followed by a
post hoc Fischer’s Least Significant Difference test to identify individual differences among
groups. Differences were considered significant at P < (.05 and a trend at P < 0.10. Values are

displayed as means + standard error of the mean (SEM).

5.4 Results

Collagen-induced arthritis incidence.

Maximum disease incidence occurred at day 61 post primary immunization, and reached 82% in
CO treated mice. Maximum arthritis incidence for TVA fed mice was reached at day 53 post
primary immunization, and decreased by 35% compared to CO fed mice (P = 0.1, Figure 1 and
Table 1). TVA treatment only delayed arthritis onset by one day compared to CO fed mice. No

signs of arthritis were observed in sham immunized mice of either diet.

Arthritis severity.
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At AD 7 no differences in CAS were observed between CO, 5.93 + 0.83, and TVA, 4.50 + 1.03,
fed mice (P = 0.29, Table 1). Paw thickness measurements also reflected no differences in
arthritis severity between CO and TVA fed mice (7.95 £ 0.21 and 7.80 = 0.26, respectively, P =

0.65).

Collagen IgG antibodies.

Anti-CII IgGi levels were increased 36% in TVA compared to CO treated mice (P = 0.09, Table
2). Anti-CII IgGaa levels on AD 7 were not significantly different between CO and TVA dietary
treatments (1047 £ 221 and 1006 £ 275, respectively, P = 0.91). No anti-CII IgG1 or IgG2a was

detected in sham immunized mice at any time, or in any mice prior to primary immunization.

Hepatic fatty acids.

The conversion of TVA to CLAc9t11 was increased 29% in arthritic mice compared to sham
immunized mice (P < 0.0001, Table 3). 16:1c9 and 18:1c11 were increased 32% in arthritic
TVA fed mice compared to their respective sham mice (P = 0.05 and 0.04, respectively). TVA
and CLAcOt11 were not detected in CO fed mice, and CLAt10c12 was not detected in any

samples.

5.5 Discussion

Fed at 0.5% of the diet, TVA reduced the incidence of arthritis in the CA model compared to a
CO diet. TVA’s anti-inflammatory properties are predicted to occur both through TVA itself and
through its downstream metabolite, CLAc9t11 [20, 21]. CLAc9t11 is known to prevent CA at

0.5% of diet [8]. Humans can consume both TVA and CLAc9t11 through dairy fat, which, with
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enrichment, can contain up to 14% TVA and 6% CLAc9t11 [1, 3]. A person would need to
consume less than 3g/day of maximally enriched dairy fat to receive an anti-inflammatory based
on these dosing levels, well above the recommended daily intake limit [1, 23]. A dose-response
study is required to determine if lower doses of TVA and CLAcO9t11 can be effective CA
preventatives. Both TVA and CLAc9t11 have been shown to be anti-inflammatory in developed
CA at as low as 0.25% and 0.125%, respectively [6, 7], and are hypothesized to be effective as
preventatives as lower doses as well.

TVA fed mice with arthritis had a 29% increase in TVA to CLAc9t11 conversion
compared to TVA fed sham mice. This may suggest that SCD-1 may play a role in modulating
an inflammatory event by increasing its activity. This hypothesis is further supported in this
study by the decrease in the 16:0/16:1¢9 ratio because of decreased 16:1¢9 in arthritic TVA fed
mice. SCD-1 is known to play a complex role in regulating inflammation, and further
investigation into this finding and the mechanism of SCD-1 is still required [34]. TVA
supplementation also decreased the amount of the inflammatory fatty acid, arachidonic acid
(AA; 20:4n-6), in mice compared to mice fed CO. Decreased AA levels with CLA exposure has
been observed previously, and is a possible mechanism of action for CLA’s anti-inflammatory
effects [35-39].

In mice that developed arthritis, TVA had no effect on disease severity one week after
onset. This was expected as TVAs effects are largely linked to its conversion to CLAc9t1, which
shows similar post onset effects [8]. It is predicted that if feeding continued beyond one-week
post CA onset, a decrease in arthritic severity may be observed, as both TVA and CLAc9t11
decrease severity nine weeks after disease onset [6, 7]. Although difficult to design, future TVA

preventative studies should look to compare mice that do not develop arthritis with those with



129

the diseases. Overall, TVA can be an effective anti-inflammatory as both a treatment and a

preventative.
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Table 1 Maximum arthritis incidence 63 days after primary immunization and clinical arthritic score,
normalized score, paw thickness, and normalized paw thickness at arthritic day 7 for mice fed 1% corn
oil or 0.5% TVA. Arthritic score and paw thickness values include only mice that developed arthritis (n =

14 corn oil, n = 9 TVA)'

Corn oil TVA P-value
Maximum Incidence 82% 53% 0.1
Clinical Arthritic Score 5.93+0.83 450 £1.03 0.29
Normalized Score 218 £0.75 1.31+£0.93 0.47
Paw Thickness (mm) 7.95+0.21 7.80£0.26 0.65
Normalized Paw Thickness (mm) 0.54 £ 0.21 0.53+0.26 0.96

"Values are means + SEM. TVA = trans-11 vaccenic acid and SEM = standard of the mean
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Table 2 Anti-collagen type Il antibody levels of arthritic mice at arthritic day 7"

pg/ml Corn ol TVA P-Value
1gG+ 63+13 99 + 16 0.09
19G2a 1047 + 221 1006 + 275 0.91

"Values are means + SEM. TVA = trans-11 vaccenic acid and SEM = standard of the mean
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Table 3 Hepatic fatty acid profiles of arthritic mice at arthritic day 7 and of sham mice at the end of the study
period, 63 days after primary immunization'

Sham Arthritic SEM' P-Value
9/100g C;’i'lr“ TVA C(‘)’J” TVA Type Diet Interaction
14:0 6.65 5.82 7.61 4.85 0.33 0.98 0.004 0.11
16:0 2448  26.44 24.53 26.35 0.32 0.97  0.0031 0.88
16:1c9 1.33%  1.11b 1.26% 1.632 0.08 0.13 0.61 0.05
18:0 10.91 9.64 10.83 8.72 0.29 0.34 0.003 0.43
18:1t11 n/de 1.332 n/de 1.04b 0.10 0.009  <0.0001  0.009
18:1c9 1540  14.45 14.28 17.33 0.44 0.29 0.21 0.02
18:1¢11 2490 169 2.532 2.48° 0.10 0.02 0.02 0.04
18:2n-6 19.63  22.05 19.27 20.48 0.31 0.07 0.001 0.25
20:0 0.31 0.41 0.29 0.33 0.02 0.16 0.02 0.33
18:3n-6 0.16 0.17 0.13 0.13 0.01 0.03 0.73 0.88
20:1c11 0.52 0.41 0.56 0.56 0.02 0.002 0.05 0.10
18:3n-3 0.16 0.11 0.18 0.16 0.01 0.11 0.08 0.39
18:2c9t11 nide  0.56° n/de 0.75° 0.06 0.001  <0.0001  0.001
18:2t10c12 n/d n/d n/d n/d n/d - - -
20:2n-6 0.36 0.33 0.41 0.31 0.01 0.35  0.0007 0.11
20:3n-6 0.77 0.69 0.76 0.69 0.02 0.97 0.04 0.87
20:4n-6 1159  10.03 11.83 9.98 0.39 0.90 0.03 0.85
22:6n-3 2.40 1.94 2.73 2.16 0.10 0.13 0.007 0.76
Unknown 2.86°  2.83° 2.80° 2.04p 0.09 0.006  0.009 0.01
16:0/16:1c9  20.372>  24.49° 2232%  16.65 1.04 0.16 0.75 0.02
18:0/18:1c9  0.72 0.68 0.80 0.54 0.04 0.67 0.04 0.14
TVAto
CLACSH 1 - 0.30° - 0.422 0.02 <0.0001 - -

"Values are means. Means within a row without a common letter differ by P < 0.05. TVA = trans-11 vaccenic acid,
CLA = conjugated linoleic acid, and SEM = standard of the mean, and n/d = not detected
2Pooled SEM
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5.8 Figures
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Figure 1: Arthritis incidence of mice fed diets supplemented with 1% corn oil (CO) or 0.5% trans-11
vaccenic acid (TVA) starting three weeks prior to immunization with chick collagen type Il. The maximum
incidence of arthritis was 82% for CO and 53% for TVA fed mice. Sham values are representative of all

three dietary treatments. See table 1 for statistical analysis over time.
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Concluding Remarks and Future Directions

Conjugated linoleic acid (CLA), trans-10, cis-12 (t10c12), and cis-9, trans-11 (c9t11) are
effective preventative treatments for collagen induced arthritis (CA). Provided in diet at a 0.5%
dose both CLA isomers resulted in a similar CA in incidence. In arthritic mice, CLAt10c12
treatment additional decreased disease severity compared to corn oil and CLAc9t11 treatment.
The dietary precursor to CLAc9t11, trans-11 vaccenic acid (TVA), also prevented CA incidence
at a 0.5% dietary dose with no effects on disease severity, similarly to CLAc9t11. Severity
assessment in these studies occurred shortly after disease induction, and CLAc9t11 and TVA

may just require additional time to provide an anti-inflammatory benefit.

Immune mediated inflammatory disease (IMID) modulation may occur through the
ability of these fatty acids to regulate cytokine pathways and inflammatory fatty acid levels.
TVA, specifically, may provide its anti-inflammatory effects through the conversion to and the
downstream effects of CLAc9t11. Although this thesis supports the decrease in pro-
inflammatory tumor necrosis factor a, interferon vy, and interleukin (IL)-2, increase in IL-10,
regulation of arachidonic acid levels, and regulation of the intestinal barrier integrity as possible
mechanisms of action; further research is required to show causation between these endpoints

and the decrease in arthritis severity or prevention of disease.

Future studies regarding the anti-inflammatory effects of CLAt10c12, CLAc9t11, and
TVA should include dose response and treatment timing analysis, mechanism investigation,
whole dairy fat and enriched dairy fat treatment, other IMID models, and finally human clinical
trials. This research can ultimately lead to treatment of IMID with dietary supplementation and
nutritional recommendations toward the consumption of dairy fat for anti-inflammatory health

benefits.
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Appendix A:

Collagen-induced arthritis weakens the gastrointestinal barrier, while conjugated linoleic acid

cis-9, trans-11 provides protection.
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A.1 Abstract

Interest in the role of the gastrointestinal system in chronic inflammatory disease has grown
tremendously over the last decade. Both the microbiome and gastrointestinal barrier integrity
have been linked to inflammatory disease and provide a potential treatment target. A study was
performed to assess the integrity of the gastrointestinal barrier after induction of collagen-
induced arthritis in DBA/1 male mice. Using a 2x2 factorial design, mice (n = 54) were fed
control diet containing 6% corn oil (CO) or treatment diet containing 5.5% CO and 0.5%
conjugated linoleic acid (CLA) cis-9, trans-11 (c9t11), a fat known for its anti-inflammatory
properties, and received either a sham or arthritis inducing immunization. Intestinal permeability
was measured before arthritis onset and once per week for 4 weeks afterward, by plasma
fluorescein isothyocyanate-conjugated dextran (FITC) and horseradish peroxidase (HRP) levels
four hours after oral gavage. Periodic acid-Schiff Alcian Blue staining was used to quantify
mucin levels in gastrointestinal sections on arthritic day 28. A significant increase in plasma
FITC concentration was observed after arthritis onset (P = (.04), and increased mucin
production was observed in mice fed CLAc9t11 (P = 0.07). This study supports changes the
intestinal barriers integrity during inflammatory disease and suggests dietary intervention may be

a way to target these changes.
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A.2 Introduction

The gastrointestinal barrier is a defense mechanism for the gut, protecting it from harmful
bacterial and inflammatory responses to the gut flora [1]. Many chronic inflammatory diseases
including celiac disease, type I diabetes, multiple sclerosis, and rheumatoid arthritis (RA) have
been linked to defects in the gastrointestinal barrier [2—5]. The focus of this thesis has been on
the role of dietary fatty acids to both treat and prevent collagen-induced arthritis (CA), and this
appendix aims to explore the link between CA, dietary treatment, and the gastrointestinal barrier.

Both human and animal models of arthritis support a link between the disease and the
intestine. In humans, juvenile-onset chronic arthritis was associated with increased intestinal
permeability compared to healthy controls [6]. K/BxN arthritic mice, housed in germ free
conditions, developed attenuated arthritis, but upon exposure to a single commensal microbe
arthritic severity increased [7]. For RA specifically, bacterial components, identified in the
synovial tissues of patients, may enhance inflammation [8]. When RA patients consumed whey
protein concentrated with microbial antibodies, improvement of arthritis symptoms was observed
[9, 10]. Dietary adjustments, including vegetarian and vegan diet, and changes in the fecal flora
of RA patients were associated with symptoms improvement [11, 12].

Murine CA is a widely accepted model of RA that has been used in the development of
treatments including anti-interleukin (IL)-1 and anti-tumor necrosis factor (TNF)a drugs [13—
15]. Using the CA model of RA, Olson [16] measured intestinal barrier function post-arthritis
challenge, and demonstrated that mice with a clinical arthritic score between 6 and 10 had
increased levels of plasma endotoxin. After oral gavage containing fluorescein isothyocyanate-
conjugated dextran (FITC), a marker for para-cellular permeability [17, 18], an increase in

intestinal permeability was observed in arthritic mice [16]. Arthritic mice also had significantly
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decreased levels of TNFa in the intestinal luminal fluid [16]. A single injection of
lipopolysaccharide has been shown to increase anti-collagen antibody levels and the severity of
CA [19, 20]. These results suggest a loss of the host’s intestinal immune defenses during CA.
Conjugated linoleic acid (CLA) and two of its isomers, cis-9, trans-11 (c9t11) and trans-
10, cis-12 (t10c12), effectively reduce CA inflammation and incidence [21-25]. CLA has been
shown to modulate barrier function by acting as a metabolic precursor for microbes, like
Bifidobacterium breve, leading to the production and utilization of CLA [26, 27]. CLA also acts
as an anti-inflammatory agent through the activation of trefoil factor (TFF)3, a peptide essential
for intestinal barrier strength, through peroxisome proliferator-activated receptor (PPAR)y [28].
This appendix begins to assess the hypothesis that CLAc9t11, the primary isomer of CLA in

dairy fat [29], regulates intestinal barrier function during early CA.

A.3 Materials and Methods

Collagen-induced arthritis model.

Experiments were conducted with the approval of the College of Agricultural and Life Sciences
Animal Care and Use Committee. Studies presented here were performed in conjunction with the
study performed in Muhlenbeck et al. 2017 [25], chapter two of this thesis. Briefly, four-week-
old DBA/1 male mice were purchased from Harlan (Indianapolis, IN) and maintained on a 12:12
hour light-dark cycle. After one week on chow diet mice were switched to a 99% complete diet
(5% CO, TD94060; Harlan-Teklad, Madison, W) supplemented with 1% CO or 0.5% CLAc9t11
(92% pure, containing no detectable CLAt10c12). Three weeks after diet initiation, mice
(grouped by shoebox units) were randomly assigned to receive a 100ul intradermal injection, at

the base of the tail, of 100ug chick collagen type II (CII) in 0.05M acetic acid (Chondrex,
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Redmound, WA) or a sham injection of 0.05 M acetic acid emulsified in a 1:1 ratio with
complete Freund’s adjuvant (4mg/ml heat-killed Mycobacterium tuberculosis, Chondrex) [30].
The date of primary immunization was designated as day 0. On day 21, mice received a 100ul
intraperitoneal booster injection of either 100pug chick CII in 0.05M acetic acid or a sham
injection of 0.05M acetic acid emulsified in a 1:1 ratio with Freund’s incomplete adjuvant
(Chondrex). Mice were randomized in a 2x2 factorial arrangement of diet and arthritis (n = 18
per diet in chick CII immunized groups and n =9 per diet in sham groups). Following the
booster immunization mice were monitored daily for clinical signs of arthritis (see Clinical

Arthritic Score).

Clinical arthritic score.

As previously described, mice were examined by a trained observer blinded to treatments [20—
25, 30]. After booster immunization mice were monitored daily for clinical signs of arthritis, and
after the first day post arthritis development (AD 0) mice were scored 3 times per week. Briefly,
individual paws were assigned an inflammation severity score between 0 and 4 based on joint
involvement, inflammation, redness, and swelling. Clinical arthritic score (CAS) was the sum of
the 4 individual paw scores [30]. Normalized arthritic score was calculated by subtracting AD 0
from a given AD score post AD 0. Mice receiving a primary and secondary injection of CII, but
never developing arthritis were designated as non-developed (ND). ND mice were monitored
daily for signs of arthritis until primary day 70. Day 70 was chosen as the end point of the study

to avoid the risk of older mice developing spontaneous arthritis [30-32].
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FITC and horseradish peroxidase oral gavage.

At one week post primary immunization and AD 1, AD 8, AD 15, and AD 22 mice were orally
gavage with FITC (440mg/kg bw, 4kDa; MilliporeSigma, St. Louis, MO) and horseradish
peroxidase (20mg/kg bw, HRP, MilliporeSigma) and plasma was collected to measure intestinal
permeability. Mice were fasted for 4 hours prior to FTIC/HRP oral gavage and deprived of feed
for an additional 4 hours prior to blood collection. Blood was collected from the retroorbital
venous plexus using heparinized capillary tubes, while mice were under light isoflurane
anesthesia. Plasma was separated by centrifugation at 3000xg for 10 minutes and stored at -8§0°C

until analyzed.

FITC measurement.

Plasma was diluted 1:2 and fluorescence was detected on a GloMax (Promega, Fitchburg, WI)
spectrophotofluorometer at an excitation wavelength of 490nm and an emission wavelength of
530nm. The amount of FITC in each plasma sample (ng/ml) was obtained by comparison of
optical density values of unknowns to a serially diluted Img/ml FTIC standard. Values reported
are normalized to FITC levels one week after primary immunization to portray the change with

arthritis onset.

HRP ELISA.

Plasma was diluted 1:2 and loaded to plates coated, overnight at 4°C, with rabbit IgG anti-HRP
(Millipore Sigma) and blocked with protein free blocking buffer (PA1-26409, Thermo-Fisher
Scientific, Waltham, MA). Plates were allowed to incubate for two hours at room temperature.

Tetramethylbenzidine was added to wells and plates were incubated for 15 minutes at room
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temperature, in the dark, before being stopped with 0.5M H2SOa4. Pates were read at 450nm. The
amount of HRP in each plasma sample (ng/ml) was obtained by comparison of optical density
values of unknowns to a serially diluted 1mg/ml HRP standard. Values reported are normalized

to HRP levels one week after primary immunization to portray the change with arthritis onset.

Intestine collection and Periodic Acid Schiff and Alcian Blue staining.

After mice were euthanized by exsanguination on AD 28, intestinal sections were collected and
fixed in 10% buffered formalin (Millipore Sigma) for 48 hours. Samples were then moved to a
70% ethanol solution and stored at room temperature until staining. Intestinal sections were
embedded in paraffin and S5pm sectioned samples were collected. Samples were deparaffinized
in distilled water and stained with Alcian Blue (pH 2.5) for 30 minutes, 0.5% Periodic acid for 5
minutes, Schiff solution for 15 minutes, and Gill’s Hematoxylin for 10 seconds (PAS/AB).
Samples were then dehydrated in 100% ethanol and kept in xylene for 10 minutes. Coverslips
were added and slides were stored at room temperature until viewing. Alcian Blue staining was
used to identify acid mucins, stained a deep blue, and Periodic acid Schiff staining was used to
identify neutral mucins, stained bright magenta. The combination of both acid and neutral

mucins appear deep blue and purple.

PAS/AB image collection and analysis.

Brightfield images were captured using an Olympus BX51 Fluorescent Microscope at 20x
magnification, encompassing the bottom of the basal membrane to the tops of the villi. Sample
analysis was done using the Image J open source software. Both image collection and analysis

were performed by a trained observer blinded to treatments. Images were converted to 8-bit
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grayscale, and two, non-overlapping, 450x450 pixel sections were cropped out form each image
for analysis. The color threshold was brought to 0 and increased until all PAS/AB stained areas
were included. The fraction of the total image area included in the threshold area was recorded.
Measurements are represented as an average percent area for the two sections analyzed per

sample.

Statistical analysis.

Incidence data were analyzed using the SAS procedure LIFETEST (SAS Institute) to determine
difference due to dietary treatment. Development of arthritis was considered a fail, non-survival,
in this analysis. The dependent variables CAS, FITC, HRP, and area fraction were analyzed
using the SAS procedure MIXED (SAS Institute) to determine difference due to the fixed effects
of dietary treatment and time. In order to account for repeated measures across time, a
REPEATED statement was employed with the SAS procedure MIXED with a first order
autoregressive covariance structure. When dependent variables were identified to have a
significant diet, arthritis, time, and/or interaction (P < 0.05) ANOVA analysis was followed by
post hoc least squared difference test to identify individual differences among groups.
Differences were considered significant at P < (.05 and a trend at P < (.10. Values are

displayed as means + standard error of the mean (SEM).

A.4 Results
Clinical arthritic score.
Arthritis incidence reached 69% in CO fed mice, and 30% in CLAc9t11 fed mice. This reduction

was significant over the course of the study (P = 0.07). However, there were no significant
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differences in CAS between CO and CLAc9t11 fed mice that developed arthritis throughout the

course of this study (4.1 £ 0.1, Table 1).

Plasma FITC concentration.

There was a significant interaction across type, diet, and time for plasma FITC concentrations (P
= (.04, Table 2). The largest difference in plasma FIITC change, between arthritic and sham
mice, was observed on AD 8 (0.066 and -0.083pg/ml, respectively, Figure 1). No correlation

between plasma FITC concentration and CAS was observed.

Plasma HRP concentration.
No significant differences were observed for plasma HRP concentrations (P = (.91, Table 3 and
Figure 2). On all days measured, sham and arthritic mice of both diets had decreased plasma

HRP concentrations relative to one week post primary immunization.

PAS/AB image analysis.
A 5% increase in mucin stained area was observed in the colons of CLAc9t11 fed mice
compared to mice fed CO (P = 0.07, Table 4 and Figure 3). Arthritic mice fed CO had the

lowest fraction of mucin stained area, 11.9%, compared to all other groups.

A.S5 Discussion
Chronic inflammatory diseases continue to be linked to intestinal barrier function both in its
onset and progression [1]. Understanding the intestinal barrier and its connection to

inflammatory disease provides a route to discover new treatments. The objective of the study
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was to determine the effects of CA induction on the gastrointestinal barrier, and determine if
CLACY9t11 changes intestinal barrier function during arthritis onset and the four weeks following.

Previous research supports CA increasing intestinal permeability, demonstrated through
increased concentrations of plasma endotoxin and FITC [16]. Permeability was measured in that
study nine weeks after arthritis onset, when mice had prolonged inflammatory responses. To
assess how intestinal permeability impacts early stage CA, barrier function was measured before
arthritis onset and once per week for four weeks afterward. Results showed increased plasma
FITC concentrations in arthritic mice compared to sham injected mice, with the largest
difference observed one week after arthritis onset. This result supports a decrease in intestinal
barrier integrity directly after the onset of CA. No correlation between FITC concentration and
CA severity was observed. The increase in para-cellular permeability may occur through a
breakdown in the seal of tight junctions, and requires further analysis. HRP was also given by
oral gavage, as a marker for trans-cellular permeability [33, 34]. No changes in plasma HRP
concentrations were observed with CA onset. This may indicate that no trans-cellular
permeability changes are occurring during CA onset; however, further optimization of HRP
dosing is necessary to confirm these results.

Anti-inflammatory treatments, especially dietary based ones, may attenuate inflammatory
diseases by recovering the weakened intestinal barrier. CLA, which is known to decrease CA
inflammation [21, 24], has been shown be anti-inflammatory due to an increase in intestinal
TFF3, a protein linked to protection and restoration of the gut mucosa [28]. After PAS/AB image
analysis, the colon of the CLAc9t11 treated mice showed significantly higher mucin levels.
Mucin serves as the first line of defensive for the intestinal barrier, and an insufficient amount of

mucin lining the gut may result in intestinal inflammation [35, 36]. Plasma FITC and HRP
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concentrations were not affected by CLAc9t11 treatment, suggesting CLAc9t11 effects may not
occur through the modulation of trans- or para-cellular intestinal permeability.

General growth and aging can have effects on the intestinal barrier [37]; therefore, for
control measures across time are essential. Not all of CLA’s suggested effects on gastrointestinal
function are beneficial. When CLA enriched butter was fed to mice for 30 days before induction
of mucositis, an increase in intestinal permeability and reduced secretory immunoglobulin A was
observed compared to mice fed the control diet [38]. Further analysis of markers of intestinal
integrity, both at a protein and histological level, is required to understand possible disease
progression and treatment mechanisms. Results from these studies support the role of barrier
function in immune mediated inflammatory disease (IMID) progression, and warrant the further
study of the gastrointestinal barrier in relation to both dietary and pharmaceuticals treatments to

IMID.
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A.7 Tables

Table 1 Clinical arthritic score of mice that developed arthritis (n = 11 CO and n = 6 CLAc9t11)’

Arthritic Day Corn oll CLACOt11 P-value
0 2.96 + 0.24 3.34 +0.31 0.65
7 5.08 + 1.07 414 +0.94 0.54
14 417 £1.06 4.86 +0.90 0.64
21 3.21+1.06 4.27 £ 0.80 0.44

"Values are means + SEM. CLA = conjugated linoleic acid, and SEM = standard of the mean
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Table 2 Plasma FITC concentration, normalized to pre-arthritis onset, for arthritic and sham mice fed
6% corn oil or 0.5% CLAc9t11 and 5.5% corn oil’

Sham Arthritic
pg/ml Corn oil CLACYt11 Corn ol CLACYt11
AD 1 -0.051 + 0.02¢ -0.045 + 0.02 abcde 0.027 + 0.013¢ -0.013 £ 0.02¢%
AD 8 -0.048 + 0.02% -0.118 £ 0.02% 0.067 + 0.013¢ 0.065 + 0.022°
AD 15 -0.035 + 0.02% -0.053 + 0.03 abcde 0.046 + 0.013c 0.033 + 0.023¢
AD 22 -0.041 £ 0.02% 0.014 + 0.023bc 0.047 £ 0.012¢ 0.044 + 0.022c

" Values are means + SEM. Interaction P-value for type, diet, and day = 0.04. Means in the table
without a common letter differ by P < 0.05. FITC = fluorescein isothyocyanate-conjugated dextran,
AD = arthritic day, CLA = conjugated linoleic acid, and SEM = standard of the mean
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Table 3 Plasma HRP concentration, normalized to pre-arthritis onset, for arthritic and sham mice fed
6% corn oil or 0.5% CLAc9t11 and 5.5% corn oil’

Sham Arthritic
pg/ml Corn oll CLACOt11 Corn oll CLACOt11
AD 1 -0.174 £ 0.05 -0.385 + 0.07 -0.018 £ 0.04 -0.002 + 0.07
AD 8 -0.151 £ 0.05 -0.424 + 0.07 -0.018 £ 0.04 -0.004 + 0.07
AD 15 -0.151 £ 0.05 -0.385 + 0.07 -0.018 £ 0.04 -0.001 £ 0.07
AD 22 -0.152 £ 0.05 -0.3412 £ 0.07 -0.016 £ 0.04 -0.0001 £ 0.07

" Values are means + SEM. Interaction P-value for type, diet, and day = 0.91. No other significant
differences were observed. HRP = horseradish peroxidase, AD = arthritic day, CLA = conjugated
linoleic acid, and SEM = standard of the mean
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Table 4 Mucin stained area of gastrointestinal colon sections, stained with PAS/AB, of arthritic and
sham mice at the end of the study period’

Sham Arthritic P-Value
0,
A/:;ﬂ;l’:tal Corn oll CLACOt11 Corn oil CLACYt11 Type Diet Interaction
Colon 18.1+0.03 20.7+0.03 11.94+0.02 19.6+0.03 0.18 0.07 0.35

" Values are means + SEM. PAS/AB = Periodic acid-Schiff/Alcian Blue, CLA = conjugated linoleic acid,
and SEM = standard of the mean
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A.8 Figures
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Figure 1: Plasma FITC concentration, normalized to pre-arthritis onset, for arthritic and sham mice fed

6% corn oil or 0.5% CLAc9t11 and 5.5% corn oil. See table 1 for statistical analysis.
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Figure 2: Plasma HRP concentration, normalized to pre-arthritis onset, for arthritic and sham mice fed

6% corn oil or 0.5% CLAc9t11 and 5.5% corn oil. See table 2 for statistical analysis.
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Figure 3: Periodic acid-Schiff/Alcian Blue stained gastrointestinal colon sections of arthritic and sham
mice at the end of the study period. Sham immunized 6% corn oil diet (a), sham immunized 0.5%

CLACc9t11 and 5.5% corn oil diet (b), arthritic corn oil diet (c), arthritic CLAc9t11 diet (d). See table 3 for

statistical analysis.
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