Fatty Liver Syndrome in Mink - Causes and Metabolic Consequences

Morag F. Dick

Submitted in partial fulfillment of the requirements
for the degree of Master of Science

at
Dalhousie University
Halifax, Nova Scotia

in co-operation with

Nova Scotia Agricultural College
Truro, Nova Scotia

March 2010

© Copyright by Morag F. Dick, 2010



Library and Archives Bibliothéque et
Canada Archives Canada
Published Heritage Direction du

Branch Patrimoine de I'édition

395 Wellington Street 395, rue Wellington

Ottawa ON K1A ON4 Ottawa ON K1A ON4
Canada Canada
Your file Votre référence
ISBN: 978-0-494-63614-5
Our file Notre référence
ISBN: 978-0-494-63614-5
NOTICE: AVIS:

The author has granted a non-
exclusive license allowing Library and
Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

The author retains copyright
ownership and moral rights in this
thesis. Neither the thesis nor
substantial extracts from it may be
printed or otherwise reproduced
without the author’s permission.

L’auteur a accordé une licence non exclusive
permettant a la Bibliothéque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par {'internet, préter,
distribuer et vendre des théses partout dans le
monde, a des fins commerciales ou autres, sur
support microforme, papier, électronique et/ou
autres formats. '

L’auteur conserve la propriété du droit d’auteur
et des droits moraux qui protége cette thése. Ni
la thése ni des extraits substantiels de celle-ci
ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

In compliance with the Canadian
Privacy Act some supporting forms
may have been removed from this
thesis.

While these forms may be included
in the document page count, their
removal does not represent any loss
of content from the thesis.

Canada

Conformément a la loi canadienne sur la
protection de la vie privée, quelques

formulaires secondaires ont été enlevés de

cette thése.

Bien que ces formulaires aient inclus dans
la pagination, il n'y aura aucun contenu
manquant.



DALHOUSIE UNIVERSITY

To comply with the Canadian Privacy Act the National Library of Canada has requested
that the following pages be removed from this'copy of the thesis:

Preliminary Pages y
Examiners Signature Page (pii)
Dalhousie Library Copyright Agreement (piii)

Appendices
- Copyright Releases (if applicable)



TABLE OF CONTENTS

LIST OF TABLES ..ottt ettt ste st e s va st n e s s et s e eacnnemnen vii
LIST OF FIGURES .......oooctiietiieie ettt et et este st v es et e bt sbe et et sbe e emnennenns Xiv
ABSTRACT ...ttt ettt ettt et s s e bbbt et et e ssesbe s e emacaneneas XV
LIST OF ABBREVIATIONS AND SYMBOLS USED.....ccccooiiiiiininieneienerneeeneees XVvi
ACKNOWLEDGMENTS ...ttt aean s Xviil
CHAPTER 1. INtrOQUCTION. .....eeiiiiiitieieeeie ettt e see st esieesvaesnneesneeereeenee 1
CHAPTER 2. Literature REVIEW .....covveriieriiiiceiieniiciieieeeteeeesseseessieesaeessnessesneesnseneesnnes 3
2.1 Structure and Function of the LiVer.........cccoociiiiiiiiiiiiiiieeeeesrcerceec e 3
2.2 Fatty LIVET DISCASE ...ecuveveeeiirieeiiieiieicet ittt sttt sttt sb e ese e e eeesneeaeeaneeanas 6
2.2.1 Stages of Fatty Liver DiSEase ........ccceceveiriiiieniiiiiieneceie et eenes 6
2.2.2 Fatty Liver Disease in MUStElids ......c.cooieriiiiiiiiiiiiceee et 7
2.2.3 Fatty Liver Disease in Other SPecies......ccoccooieririiiirneeriiinierrenceereseeeeeee e neeeenes 9
2.3 Diagnosis of Fatty LIVET .....cocieiiiiiiiiiiecicctreete sttt e 10
2.3.1 Histological FINAINGS ......c.cuverriiiiiiriiiiiieicee ettt st s sve e sive e sereesse e e saeeseeeeens 10
2.3.2 Clinical Chemistry INAiCatOrS ......cccuerriireieiiiiieiirieit ettt 11
2.3.3 Tissue Fatty Acid COMPOSILION .....ceviiimieiiieirieiiniiieeieeieetesite et eee s sseeee e 12
2.4 Metabolic Changes Associated with Fatty Liver........c.coocoeviveenniincennncd SRR 12
2.5 Lipid Metabolism in the Body ........cccccooiiiiniiiiiiiiiiiecccceciceceins 13
2.5.1 Lipid TranSPOTE .....cccviiiiitieieeierie ettt ettt et st eee st ereesbaesbaesne s 13
2.5.2 Lipid DEPOSIHION ....o.eeiiiiiiiiiiiiiiiiiiieie et e s 14
2.5.3 Lipid MODIHZAtION ..c.eenviieeiieicieieeceieee ettt e 14
2.5.4 Lipid OXIAAtION ... .eveeeirieeieteiriiniee ettt et ceae et s rene st sreebesae s ene e 15
2.6 GIUCOSE MEtabOLISIN ....oveeuiinieiieieir ettt sttt s e nresae b e b e 16
2.7 Regulation of Mink Body Weight........c.cccociviiiiniiniiinccccecieeeeeeees 17
2.8 Development of Fatty Liver: Two Hit Hypothesis ........c.cceouivevcniniinininiccee 17
2.8.1 Insulin Resistance and ODeESity ...........cocvevieereeieniinienienreneeeeerie et 18
2.8.2 Weilght LOSS c..coeiiiiiiiiiiciiccce s 18
2.8.30-3and N-6 PUFAS ...ooiiiiiiiieee e 19
2.8.4 OXIAtIVE SITESS ..veeueireeeiteieeriterierteectesteeteeeee e sreete st este s bt eeeeeesbeesseesbe e ressbaeseennes 20

iv



2.9 Dietary INFIUSNCE .......eoiiiieiieeie ettt ee e et esee e e e s sre e s aeenseene 21

2.9.1 Fatty ACId NULTTHION .....coueiiiiiiiiiieieeiteteeree ettt s e e ee 21
2.9.2 Restricted FEEAINE ....c..ooueriiriiiiiiieieesteree ettt 22
2.10 CONCIUSIONS. ...ttt ettt a et e e ssee e e e e sbe et es e b e ssesbesaessnenne 23
2.11 Objectives and Hypotheses ..........covecieriiiiinieiecicece et 23
CHAPTER 3. Effect of Dietary Fat Source and Feeding Intensity on the Development

of Fasting-Induced Fatty Liver in the Mink (NeoviSon ViSOR)...........ccceecuvevvivnevenvvennennnns 25
3.1 INEIOQUCIION ...ttt ettt et e 25
3.2 Materials and Methods..........c.coocceeiieiinicncncinesc sttt 26
3.2.1 Animals and Experimental Treatments.........coccoveruirreerieriieieenieneeieie e e 26
3.2.2 On-Going Physical and Physiological Measurements............cccocceveneenenrnneeneeeennes 29
3.2.3 Tissue Sample CollECtion .........cccevveciiiiiieceeir ettt e e seaeseees 30
324 ADALYSES ..ottt et e et e et e e e b e e sab e e enaeeraeeeaaeenreenaeennes 30
3.2.4.1 Feed ANALYSIS......coioiieciiiiiicieectie ettt ettt ettt ee v e e e e sar e etaesnsaesanaeeareeaaesans 30
3.2.4.2 BloOd ANALYSES ....c..cvviemiirireieniiiiieteeieeeeeteeste sttt e st s e she et st et eseeeaeas 31
3.2.4.3 LIVET ANALYSES c..vieeiieiiiciiciee et et eeiee ettt e v te e eae e e e asesaaeesrteestneesareennsaesnaesanes 32
3.2.5 StatistiCal ANALYSIS....ciicuiiiiiieiiiiiicieeeireeee et e et e e ae s e ee e e nneas 33
3.3 RESUILS .o 34
3.3.1 Diet Nutrient Composition and Metabolizable Energy Distribution....................... 34
3.3.2 Feeding Trial.....coovoiirioriei ettt ettt 36
3.3.3 Effect of the Fasting Treatment on Final Body Condition ........c..ccoceevervcivineenenns 40
3.3.4 HaCmatOLOZY ...eeevieiiriieritei ettt sttt ettt ste sttt a e sheeebsesat e see et e ee e nnenie e eae 44
3.3.5 Clinical ChEemISITY .......covtiviiiiiiiie ettt ettt ebe e e e 53
3.3.6 ENAOCTINOIOZY ...cneieiiirieiiiiteitee ettt sttt e s st ses et bt be e b esee et sieesaesbesane o 61
3.3.7 Liver EValuation.......cc.coiiiriiirieiccict ettt e 64
3.4 DISCUSSION ..c.eveeevreriieertteeiie sttt eeiteette e ibeestassseesesaeeaseeshaeesareeenseeansnesssesaneseaseesseerenenans 71
3.4.1 Body Weight and Condition ..........c.c.evvuireerimeiireneeiereeeeieeieneesee e eeesiesneenee 72
3.4.2 LAver HEalth c....oooiiiiiieeecs ettt e et 73
3.4.3 HaematOlOZY ..c..cooviiiiiiiiiniiniii ettt 76
3.4.3 Carbohydrate MetaboliSm..........ccccoiiieriiniiiriiniinirre ettt 77
3.4.5 Lipid MetaboliSIm.....coveiiereriieciceieniteritesteees st sie s e s essee s e e et saneenesreesee e 78



3.4.6 Protein MetabOliSIN..ccooeeieeeeee ettt ettt et ettt e ettt ettt bt e e aseaseasssssresssssesanannens 80

3.4.7 ENAOCTINOLOZY ....evveeniiiieeiisiteeie ettt st te s st sbe e sbesaeesmnesaneeneas 81
3.7.8 Mechanisms in the Development of Fatty Liver..........coccovvvvniininiiiiininniiicnceene. 83
3.5 CONCIUSION ...ttt et s st ae e sae s sree b eabesbeensas 86
CHAPTER 4. Effect of Feeding Intensity and Dietary Fat source in the Deposition and

Mobilization of Fat and Fatty Acids in the Mink (Neovison vison). .........cccccccveeereeennn. 88
4.1, INETOAUCHION ...cvtiiritieiteeie ettt ettt e e s s e sab e st e s seesmreesneessnesesanasnne 88
4.2 Material and Methods .........cccoceerinininiiiecee et 89
4.2.1 ADIMALS ..ottt 89
4.2.2 Quantitative DISSECLIONS ....cc.eeeiuirrieeeitierieeeieesreeseesreeestaesareesseesseesrveessesssseeensesenne 90
4.2.3 Fatty ACIA ANALYSIS.....ccuveiiiieriiiiiiciiece ettt s s 90
4.2.4 StatisStical ANALYSIS......cceeruirieriiiieicireeree ettt et s 90
B3 RESUILS ...t et 91
4.3.1 Liver Lipid CONtENt........cceecieeiieieiieenieiiesieeitesteeiteseesre e e saeesaaesbeesbessessee s e sieesmees 91
4.3.2 Organ and Fat Depot Weights.......cc.coiiiiiniiniiniiienini e 92
4.3.2.1 ADSOIULE WEIZNES.......iiiiieiieieeieeieeieet ettt s se et saneeaees 92
4.3.2.2 Lean Body Mass and Fat Depot Weights in Relation to Body Weight.............. 101
4.3.2.3 Fat Depot Weights in Relation to Total Body Fat ............cccccooiiiniinninnniinnes 107
4.3.3 Fatty ACI Profiles ......ccoeviiiuieriiiiiiciiiceeeic et 110
4.3.3.1 Plasma Fatty Acid Profile.........ccccoeiiiiieeiieeniiiie et 110
4.3.3.2 Liver Fatty Acid Profile........cccooioriiiiieiiieei ittt csiee e 116
4.3.3.3 Mesenteric Fatty Acid Profile..........oooviriiiiiiiii et 123
4.4 DISCUSSION ....eeueieeeeeieeiienteerte et esteessbeesenesereesastestsssissssste e seeeeseesmeessnnessseessneesrsenans 132
4.4.1 Body COMPOSILION ....cviniiiiieeeeieieitenieeeeretesee ettt st n s s 132
4.4.2 Alterations to Fatty Acid PTOfiles ..........c.oovciieeiienieriiiceienin e svee e 136
4.4.3 Role of Lipid Mobilization in the Development of Fatty Liver...........cccceceeveiinn. 138
4.5 CONCIUSION «.eemiiiiiiiiiieie sttt ettt e a s s sae b e s nassae s sae e ens 140
CHAPTER 5. CONCIUSION ..c..ouviiiiiieniieniiiieeiesreees ettt sas e sanssan s 141
REFERENC ES ..ottt ettt e a b sas sttt s s st eaaesnis 143

vi



LIST OF TABLES

Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 3.5

Table 3.6

Table 3.7

Table 3.8

Table 3.9

Table 3.10

Table 3.11

Table 3.12.a

Table 3.12.b

Table 3.13

Table 3.14

Ingredient formulation of the experimental diets.

Nutrient composition, metabolizable energy (ME) content and
distribution, and fatty acid profiles of the n-3 PUFA, n-6 PUFA
and n-9 MUFA experimental diets.

Fatty acid profile of the oils used in the n-3 PUFA, n-6 PUFA
and n-9 MUFA diets.

P-values of the main effects and interactions for mink body
weights, BCS, blood glucose and feed intake during the feeding
trial from September to November.

Effect of feeding intensity on BCS of mink throughout the
feeding trial.

Feed intake of the mink fed at 80% and 120% RDA during the
feeding trial.

Feed intake (DM g/day) of the mink fed the experimental diets
during the feeding trial.

P-values of the main effects and interactions of fasting on body
weight and BCS.

Effect of fasting and sex on body weight.

Effect of fasting and feeding intensity on body weight and BCS
during the 5-day fasting period.

P-values of the main effects and interactions of the final body
weight, BCS and BMI.

P-values of the main effects and interactions for haematological
responses.

P-values of the main effects and interactions for haematological
responses.

Effect of diet, sex and fasting on red blood cell (RBC) count.

Effect of feeding intensity, sex, and fasting on RBC count and
HGB.

vii

29

35

36

38

39

40

40

41

42

42

42

47

48

49

49



Table 3.15

Table 3.16

Table 3.17

Table 3.18

Table 3.19

Table 3.20

Table 3.21

Table 3.22.a

Table 3.22.b

Table 3.23

Table 3.24

Table 3.25

Table 3.26

Table 3.27

Table 3.28

Table 3.29

Table 3.30

Effect of fasting on haematological responses.

Effect of diet on mean corpuscular volume (MCHC), platelets
(PLT), mean platelet volume (MPV), monocytes (MON), and
lymphocytes (LYM).

Effect of fasting, diet and feeding intensity on red blood
distribution width (RDW) and monocytes (MON).

Effect of fasting, diet, feeding intensity and sex on white blood
cell count (WBC) count.

Effect of feeding intensity, diet and sex on lymphocytes
(LYM), monocytes (MON), and granulocytes (GRA).

Effect of diet and feeding intensity on monocyte (MON) count.
Effect of fasting and feeding intensity on % monocyte (MON).

P-values of the main effects and interactions for the clinical
chemistry responses.

P-values of the main effects and interactions for the clinical
chemistry responses.

Effect of fasting and feeding intensity on plasma glucose, urea,
alkaline phosphatase (AKPH), total protein, globulin and LDL.

Effect of fasting on alanine transaminase (ALT), albumin:
globulin (A:G), and HDL.

Effect of diet on total plasma protein and albumin.
Effect of fasting and sex on total plasma protein.

Effect of diet, feeding intensity, sex, and fasting on plasma uric
acid and creatinine levels.

Effect of sex and diet on plasma LDL and HDL levels.

Effect of feeding intensity and diet on plasma HDL levels.
Non-esterified fatty acid (NEFA) and triacylglycerol (TAG)
levels of the fasted and non-fasted mink fed experimental diets

at 80% and 120% RDA.

viii

49

50

50

51

52

52

52

56

57

58

58

58

58

59

59

60

60



Table 3.31

Table 3.32

Table 3.33

Table 3.34

Table 3.35

Table 3.36

Table 3.37

Table 3.38

Table 3.39

Table 3.40

Table 3.41

Table 3.42

Table 4.1

Table 4.2

Table 4.3.a

Table 4.3.b

Table 4.3.¢c

P-values of the main effects and interactions for the
endocrinology responses.

Plasma leptin levels of fasted and non-fasted mink fed at 80%
RDA and 120% RDA.

Effect of feeding intensity and diet on plasma T; and T4 levels.

Effect of diet, sex and fasting on plasma T;
Effect of fasting and diet on T3:T4 ratio.

P-values of the main effects and interactions for the liver
responses.

Effect of sex, diet and fasting on liver weight.

Effect of sex and feeding intensity on liver weight and
hepatosomatic index (HSI).

Effect of diet and feeding intensity on liver weight,
hepatosomatic index (HSI), liver weight over BMI, and total
liver lipid.

Effect of fasting and feeding intensity on total liver lipid
content and liver weight over BMI.

Effect of diet and feeding intensity and fasting on liver DM.

Effect of sex, diet and feeding intensity on microvesicular
steatosis score.

Effect of feeding intensity and diet on liver lipid content.
Effect of fasting and feeding intensity on liver lipid content.

P-values of the main effects and interactions for mink body
weight and the weights of fat depots and organs.

P-values of the main effects and interactions for mink body
weight and the weights of fat depots and organs.

P-values of the main effects and interactions for mink body
weight and the weights of fat depots and organs.

ix

62

62

63

63

64

67

68

68

68

69

69

69

91

91

94

95

96



Table 4.3.d

Table 4.4

Table 4.5

Table 4.6

Table 4.7

Table 4.8

Table 4.9

Table 4.10

Table 4.11

Table 4.12

Table 4.13

Table 4.14

Table 4.15

Table 4.16

Table 4.17

Table 4.18

P-values of the main effects and interactions for mink body
weight and the weights of fat depots and organs.

Effect of feeding intensity and sex on mink body weight, lean
body mass and the weights of the fat depots, and adrenal
glands.

Effect of fasting, sex and diet on mink body weight, and the
weights of fat depots, and organs.

Effect of fasting on mink lean body mass, and the weights of
the perirenal fat and organs.

Effect of feeding intensity on the weights of fat depots and
organs in mink.

Effect of diet on the weights of the perirenal fat depot and the
pancreas in mink.

Effect of sex on mink body length and organ weights.
Effect of fasting and diet on mink stomach weight.
Effect of fasting and sex on intestinal weight in mink.

P-values of the main effects and interactions for the relative
weights of the fat depots and lean body mass.

Effect of feeding intensity on the relative weights of the fat
depots and lean body mass.

Effect of fasting, sex and diet on the relative weight of the mink

fat depots and lean body mass.
Effect of fasting on the relative weight of the mink fat depots.

Effect of sex, diet and feeding intensity on the relative weight
of subcutaneous fat.

P-values of the main effects and interactions for fat depot
weights in relation to total body fat.

Effect of fasting on the relative weights of the mink fat depots.

97

98

99

100

100

100

101

101

101

103

104

105

105

106

108

109



Table 4.19

Table 4.20

Table 4.21

Table 4.22.a

Table 4.22.b

Table 4.23

Table 4.24

Table 4.25

Table 4.26

Table 4.27

Table 4.28

Table 4.29

Table 4.30

Table 4.31

Table 4.32

Table 4.33.a

Table 4.33.b

Table 4.34

Effect of sex, diet and feeding intensity on the relative weights
of the fat depots.

Effect of diet on the relative weights of the mink visceral and
mesenteric fat depots.

Effect of feeding intensity and sex on the relative weights of the
mink diaphragmatic fat.

P-values of the main effects and interactions for the plasma
fatty acid profile.

P-values of the main effects and interactions for the plasma
fatty acid profile.

Effect of feeding intensity on plasma fatty acid profile.
Effect of fasting on plasma fatty acid profile.

Effect of fasting, feeding intensity and sex on plasma fatty acid
profile.

Effect of diet on plasma fatty acid profile.

Effect of fasting and diet of plasma fatty acid profile.

Effect of sex and diet on plasma fatty acid profile.

Effect of feeding intensity and diet of plasma fatty acid profile.

Effect of diet, feeding intensity, sex and fasting on plasma ALA
content.

Effect of diet, sex and fasting on plasma EPA content.
Effect of fasting and feeding intensity of plasma EPA content.

P-values of the main effects and interactions for liver fatty acid
profile.

P-values of the main effects and interactions for liver fatty acid
profile.

Effect of fasting, diet and feeding intensity on liver fatty acid
profile.

xi

109

110

110

112

113

113

113

114

114

114

114

115

115

115

115

118

119

120



Table 4.35

Table 4.36

Table 4.37

Table 4.38

Table 4.39

Table 4.40

Table 4.41

Table 4.42

Table 4.43

Table 4.44.a

Table 4.44.b

Table 4.45

Table 4.46

Table 4.47.a

Table 4.47.b

Table 4.48

Table 4.49

Table 4.50

Effect of fasting, diet and sex on liver n-6: n-3 PUFA ratio.

Effect of fasting and feeding intensity of liver fatty acid profile.

Effect of feeding intensity and sex on liver fatty acid profile.
Effect of diet on liver fatty acid profile.

Effect of fasting, feeding intensity and sex on liver fatty acid
profile.

Effect of diet, feeding intensity, sex and fasting on liver LA
content.

Effect of fasting and diet on liver fatty acid profile.
Effect of feeding intensity and diet on liver ALA content.

Effect of fasting and sex of the n-3 PUFA product: precursor
ratio.

P-values of the main effects and interactions for the fatty acid
profile of the mesenteric fat.

P-values of the main effects and interactions for the fatty acid
profile of the mesenteric fat.

Effect of fasting and diet on fatty acid profile of the mesenteric
fat.

Effect of sex and diet on fatty acid profile of the mesenteric fat.

Effect of diet, feeding intensity, sex and fasting on fatty acid
profile of the mesenteric fat.

Effect of diet, feeding intensity, sex and fasting on fatty acid
profile of the mesenteric fat.

Effect of diet, sex and fasting on the UFA: SFA ratio in the
mesenteric fat.

Effect of fasting, feeding intensity and sex on fatty acid profile
of the mesenteric fat.

Effect of feeding intensity and sex on the fatty acid profile of
the mesenteric fat.

Xii

120

121

121

121

122

122

123

123

123

126

127

127

127

128

129

130

130

131



Table 4.51 Effect of fasting and sex on mesenteric fat EPA content. 131

Table 4.52 Effect of fasting and feeding intensity on mesenteric fat EPA
content. 131

Table 4.53 Effect of diet, feeding intensity and fasting on mesenteric fat
DHA content. 131

Table 4.54 Effect of feeding intensity and diet on mesenteric fat n-3 PUFA
product: precursor ratio. 131

X1il



LIST OF FIGURES

Figure 2.1

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Classic lobule and liver acinus in relation to the central vein and portal
triads.

Distribution of mink to the diet, feeding intensity and fasting
treatments.

Body weight of the male and female mink fed at 80% and 120% RDA
throughout the feeding trial. Male mink are shown in circles, and
female mink in triangles.

Final body weight of the mink fed at 80% and 120% RDA. Male mink
are shown in black and female mink in grey.

Final body weights of the non-fasted and fasted mink fed the
experimental diets.

Liver lipid content of the fasted and non-fasted mink fed at 80% and
120% RDA.

Liver lipid content of mink fed experimental diets at 80% and 120%
RDA.

Relationship between the liver dry matter (DM) content and the liver
lipid content.

Xiv

28

39

43

43

70

70

71



ABSTRACT

This study investigated the effects of feeding intensity and dietary fat source on
the development of fasting-induced fatty liver in mink. Mink were fed diets, containing
either herring oil (n-3 PUFA), soya oil, (n-6 PUFA), or canola oil (n-9 MUFA) as the
dietary fat source, at either 80% RDA or 120% RDA for a period of 10 weeks, followed
by an overnight or 5-day fast. Fasting caused the mobilization of body fat reserves,
increasing the hepatic delivery of fatty acids and resulting in the development of fatty
liver. Increasing adiposity increased the severity of fatty liver, and is likely a result of
increased visceral lipolysis. Increasing n-3 PUFA intake decreased the liver lipids in the
. mink fed at 120% RDA. Increasing n-3 PUFA content of the liver and mesenteric fat may
" help prevent the excessive accumulation of liver lipids by promoting hepatic fatty acid

- oxidation.
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CHAPTER 1. Introduction

Fatty liver syndrome (FLS) is a metabolic disorder in mink (Neovison vison), and
has been a common pathological finding in ranched mink since the 1960’s (Hunter and
Barker 1996; Hunter 2008). The development of fatty liver (hepatic lipidosis) is typically
asymptomatic and can occur quickly in mink (Hunter and Barker 1996; Bjornvad et al.
2004), leaving little time for intervention or treatment to occur. In addition, FLS tends to
occur before the pelage development has finished resulting in a pelt that has little or no
monetary value and a decrease in profits. Thus, the prevention of FLS is of considerable
concern to mink producers.

Studying the similarities between mink FLS and other diseases involving fatty liver
may help in better understanding the etiology and the development of effective methods
to prevent fatty liver in mink. A strong resemblance between FLS in the mink and other
mustelid species is observed with feline hepatic lipidosis (FHL) (Cornelius and Jacobs
1989) and non-alcoholic fatty liver disease (NAFLD) in humans (Adams 2005; Nieminen
et al. 2009). Fatty liver has also been identified as a key contributor to the development of
nursing sickness in mink (Rouvinen-Watt 2003). Excessive body condition is a common
feature of mink with FLS (Hunter and Barker 1996), as well as in humans with NAFLD
characterized by hepatic steatosis and cats with FHL (Marceau et al. 1999; Armstrong
and Blanchard 2009). Furthermore, low levels of n-3 polyunsaturated fatty acids
(PUFASs) or a higher n-6: n-3 PUFA ratio in humans and diets with insufficient essential
fatty acids in cats have been shown to be involved in the development of hepatic
lipidosis/steatosis (Szabo et al. 2000; Araya et al. 2004). Additionally, it is suggested that
preventing excessive fat deposition and increasing dietary n-3 PUFAs to mink during the
fall will help prevent the development of nursing sickness (Rouvinen-Watt 2003). This
suggests that body condition and fatty acid nutrition may play a role in the development
of fatty liver in mink.

Fasting has been shown to induce the accumulation of fat in mink liver and can be
used as an experimental model to study the causes and consequences of fatty liver disease
(Bjornvad et al. 2004; Mustonen et al. 2005a). In this model it has been shown that mink
readily mobilize intra-abdominal fat depots (Mustonen et al. 2005a; Rouvinen-Watt et al.

2010), and preferentially mobilize n-3 PUFAs from the fat depots (Nieminen et al. 2006;



Rouvinen-Watt et al. 2010). Decreasing body fat and increasing n-3 PUFA reserves may
aid in preventing excessive accumulation of lipid during fasting periods in mink.

The development of nutritional and management strategies to prevent the
development of FLS would be of significant value to the mink industry. In addition, the
mink may provide a potentially useful animal model for the study of etiological factors in
fatty liver disease in humans and companion and zoo animals. To date, no research has
been conducted to directly determine how previous dietary history in terms of feeding
intensity and fatty acid nutrition affects the development of fatty liver in mink. As such,
the purpose of this research is to determine the effects and role of feeding intensity and

dietary fat source in the development of fasting-induced fatty liver in the mink.



CHAPTER 2. Literature Review

2.1 Structure and Function of the Liver

The liver is a vital organ in the body playing large roles in the metabolism of protein,
glucose and lipids (Sjaastad et al. 2003). It also contributes to other functions in the body
including the storage of iron and vitamins A, D, B, and K, degrading or conjugating
toxic substances for excretion from the body, the urea cycle, and synthesizing and
secreting bile (Cederbaum et al. 2004; Ross and Pawlina 2006).

Six distinct lobes are found in mink livers (Hunter and Barker 1996). Within these
lobes, the liver is organized into liver lobules which are the classic functional unit of the
liver (Figure 2.1). The lobules are hexagonal in shape with the points of the lobules
containing portal triads; and the centre of the lobule containing the central vein. The
portal triad contains the portal vein and hepatic artery which disperse blood throughout
the liver and the bile ducts (Ross and Pawlina 2006).

The liver is unique in its blood supply compared to other organs; approximately 75%
of the blood entering the liver is deoxygenated blood from the portal vein and the
remaining 25% of the blood supplied to the liver is oxygenated blood from the hepatic
artery (Ross and Pawlina 2006). Blood flows towards the central vein through the
sinusoids, which are vascular channels in between the cords of hepatocytes that form the
parenchyma of the liver (Ross and Pawlina 2006). The direction of blood flow leads to an
oxygen gradient in the liver, with oxygen being the highest in the periportal region
compared to the centrilobular area (Jungermann and Kietzmann 2000).

The sinusoidal endothelium is discontinuous with large gaps and fenestrate and also
contains Kupffer cells, the liver’s resident macrophages, as part of the lining (Wisse et al.
1996). The space of Disse is the area between the sinusoidal endothelium where the
exchange of materials occurs between the blood and hepatocytes and hepatic stellate
cells. The primary function of the hepatic stellate cells is the storage of vitamin A in the
form of retinyl esters; however in certain pathological states these cells can differentiate
gaining the characteristics of myofibroblasts (Iredale 2007). These cells play a large role
in the development of liver fibrosis generating type I and III collagen in the

perisinusoidal space (Iredale 2007).



Hepatocytes comprise 80% of the cell population within the liver, and are organized
into plates one cell thick (Ross and Pawlina 2006). The average life span of a hepatocyte
is 5 months, and rapid regeneration of these cells is seen during disturbances caused by
disease, surgery or toxins (Ross and Pawlina 2006). Forming the parenchyma of the liver,
hepatocytes are responsible for function such as lipid and glucose metabolism and bile
formation. The bile produced by the hepatocytes is transferred from the cell to the
canaliculus which two sides of hepatocytes face (Ross and Pawlina 2006). The secreted
bile flows in the opposite direction of the blood, with the canaliculi joining to form
intrahepatic ducts before joining the portal ducts located in the bile duct in the hepatic
triad (Ross and Pawlina 2006).

Another structural unit-seen when examining the liver lobule is the liver acinus. The
acinus is a functional interpretation of the liver lobules that provides a better
representation of blood perfusion, metabolic activity and pathology than the classic liver
lobule (Ross and Pawlina 2006). The acinus is divided into three semi-circular zones by
the distance from the adjoining hepatic triads to the central vein. Zone 1 is located in the
first third of the acinus, which is located closest to the two triads, and receives the most
oxygenated blood compared to zone 3 which is the furthest from the portal triads

(Jungermann and Kietzmann 2000).
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2.2 Fatty Liver Disease
2.2.1 Stages of Fatty Liver Disease

Simple fatty liver, synonymous with hepatic steatosis or hepatic lipidosis, is the
first stage of fatty liver disease where fat accumulates within the hepatocytes and no
inflammation is present at this stage (Cullen et al. 2006). The fat accumulated is in the
form of triacylglycerols (TAG) and is present in vacuoles within the hepatocytes (Hall et
al. 1997). Two types of vacuoles can be present. The first type is macrovesicular
steatosis, where one large vacuole of lipid is present and displaces the nucleus to the side
of the cell (Day and James 1998a). The second type is microvesicular, where many small
vacuoles of lipid are present but do not displace the nucleus from the centre of the cell
(Jevon and Dimmick 1998). In huméns, hepatic steatosis can be benign, and may or may
not progress to the more chronic stages of fatty liver disease (Dam-Larsen et al. 2004).
The accumulation of fat in the liver causes enlargement of the hepatocytes and
compression of the sinusoids, which will decrease the efficiency of oxygen and nutrient
delivery from the blood and may stimulate the development of inflammation (McCuskey
et al. 2004).

Clinically, in carnivore species such as the mink and cats, the evaluation of fatty
liver disease typically includes only the presence of lipid vacuoles or increased lipid
content. Little information is available in these species with regards to the presence of the
advanced stages of fatty liver disease, such as steatohepatitis, fibrosis and cirrhosis that is
seen in humans.

Steatohepatitis is the progression of hepatic steatosis where hepatocyte death and
inflammation are seen in combination with the already present hepatic steatosis (Clark et
al. 2002). Ballooned hepatocytes and Mallory bodies are key characteristics in this stage.
Hepatocyte ballooning is a structural manifestation of microtubular disruption and severe
cell injury (Burt et al. 1998). Ballooned hepatocytes are enlarged and swollen and may
contain Mallory bodies (Brunt, 2004). Mallory bodies are intracellular inclusions of
protein aggregates within hepatocytes and are more commonly found in the advanced

stages of steatohepatitis (Brunt, 2004).



Fibrosis and cirrhosis characterize the final stages of liver disease in humans and
are present when the development of perisinusoidal, perivenular and bridging fibrosis
occurs (Clark et al. 2002). The development of fibrosis can result in increased portal
hypertension and liver failure (Iredale, 2007). The presence of inflammation within the
liver from hepatocyte injury leads to the development of fibrosis which serves in the
wound healing process (Iredale 2007). Hepatic stellate cells can be activated which
results in the production of collagen, proliferation, extra-cellular matrix degradation and

chemotaxis and leukocyte chemoattraction (Friedman 2000).

2.2.2 Fatty Liver Disease in Mustelids

FLS is a metabolic disease in mink caused by the accumulation of excessive TAG
within hepatocytes making the liver friable and yellow in colour (Hunter and Barker
1996). Normal mink livers contain between 2 to 6.4 % fat, however in cases of FLS liver
fat content may exceed 50% (Kannan et al. 2002; Koskinen and Lassén 2006; Mitchell
and Rouvinen-Watt 2008). It has been reported that the frequency of FLS in autopsies
performed on mink mortalities ranged from 2 to 11% (Koskinen and Lassén 2006). The
true prevalence of FLS in mink herds is unknown as it can only be diagnosed post
mortem and therefore may be present in mink that appear otherwise healthy. Weakness
can sometimes be observed in mink; however FLS is typically asymptomatic (Hunter and
Barker 1996). Fatty liver can be observed during periods of high stress such as whelping
and weaning in the female mink and the furring out period in the fall (Hunter and Barker
1996). During these periods the animal may show a loss of appetite for a period of a few
days causing rapid weight loss and resulting in accumulation of fat within the liver.

Liver lipid accumulation is also reported in lactating mink dams, with increased
severity in dams affected with nursing sickness, a metabolic disorder which occurs during
the latter part of lactation or shortly after weaning (Wamberg et al. 1992). Nursing
sickness may be due to the collective physiological demands of milk production,
excessive body tissue catabolism, insufficient feed intake and environmental stressors
(Clausen et al. 1992). Affected dams show weight loss, lethargy, inappetance, and
dehydration (Schneider and Hunter 1992). Examination of the livers revealed mild fatty



changes, but this was deemed a normal physiological phenomenon of lactation rather
than pathological feature of nursing disease as it was seen in dams without nursing
sickness as well (Clausen et al. 1992). Dysregulation of normal glucose metabolism is
noted with affected dams having abnormally high blood glucose and insulin levels
(Wamberg et al. 1992) suggesting that these dams have acquired insulin resistance
(Rouvinen-Watt 2003).

Fatty liver in mink has been experimentally induced through food deprivation
(Bjornvad et al. 2004; Mustonen et al. 2005a; Rouvinen-Watt et al. 2010). Fasting has
also been shown to increase fat accumulation within the liver in other mustelid species
such as the sable, Martes zibellina (Mustonen et al. 2006a), and the European polecat,
Mustela putorius (Nieminen et al. 2009). The mechanism believed to cause the
development of fasting-induced fatty liver is similar to nursing sickness, where extensive
mobilization of the body fat reserves occurs to meet energetic needs (Wamberg et al.
1992). However, the liver is unable to maintain sufficient fatty acid oxidation or lipid
export to maintain homeostasis (Mustonen et al. 2005a, Nieminen et al. 2009). The
regeneration capacity of the liver is also demonstrated in the fasting model. Recovery of
the liver, and normalization of lipid content, occurs within one month following a 7-day
fasting period (Rouvinen-Watt et al. 2010). The length of food deprivation is key in the
accumulation of lipids within the liver and could explain why a short term fast of 48
hours in the American marten, Martes americana, did not cause the development of liver
dysfunction (Nieminen et al. 2007). In mink, lipid accumulation begins within 2-5 days
of fasting (Bjornvad et al. 2004; Mustonen et al. 2005a; Rouvinen-Watt et al. 2010).
Another possible distinguishing factor for the development of fasting-induced fatty liver
is the species of animal. In the omnivorous raccoon dog, Nyctereutes procyonoides, a
fasting period of 8 weeks did not lead to the development of liver dysfunction or lipid
accumulation (Mustonen et al. 2006b).

Ferrets, a species closely related to mink and polecat, with diabetes mellitus show
liver lipid accumulation (Benoit-Biancamano et al. 2005). Other cases of diabetes
mellitus in ferrets describe elevated aspartate transaminase levels, indicating liver
dysfunction in these animals (Carpenter and Novilla 1977). Both reports characterize the

ferrets as emaciated, dehydrated and hyperglycemic, as well as undergoing periods of



anorexia or weight loss (Carpenter and Novilla 1977; Benoit-Biancamano et al. 2005).
Lesions in the pancreas show disruption to normal insulin function. Insulin injections are
used as the standard treatment and ferrets may respond initially, however this was not
successful in the long term (Carpenter and Novilla 1977; Hillyer 1992; Benoit-
Biancamano et al. 2005). The difficulty in managing one ferret with diabetes would be
multiplied in a commercial mink farming setting, and thus is likely not a viable approach
given the low success rate with treatment and labour costs. This further illustrates that
long term management of clinical diabetes in ferrets is not an ideal situation nor viable
commercially for mink, and that there is a need for preventing the development of the

condition in both ferrets and mink.

2.2.3 Fatty Liver Disease in Other Species

Diseases involving fatty liver are also observed in other groups of species
including NAFLD in humans (Adams et al. 2005) and FHL in domestic cats (Armstrong
and Blanchard 2009), previously referred to as idiopathic feline hepatic lipidosis
(Cornelius and Jacobs 1989). In both these cases, obesity has been reported for increasing
the risk of development of the disease (Dimski and Taboada 1995; Wasserback York et
al. 2009), and indicators of the development of insulin resistance are present (Abdelmalek
and Diehl 2007).

FHL is the most common liver diseases in domestic cats (Griffin 2000a) and has
been observed in 49% of feline liver biopsies in one study (Gagne et al. 1996). Obese
house cats more commonly present with FHL (Dimski and Taboada 1995). The cause of
FHL remains unknown, but it has been suggested to involve pathways of protein and
lipid metabolism (Griffin 2000b). Sudden periods of anorexia, causing severe negative
energy balance, are observed in the development of the condition, and are accompanied
by impaired liver function, intrahepatic cholestasis and hepatocyte lipid accumulation
(Griffin 2000a). The time frame for the development of lipidosis is likely proportional to
the decrease in caloric intake, and may explain why it is often observed clinically in less
than 1 week, and experimentally in two weeks (Armstrong and Blanchard 2009).

Treatment of the condition involves reestablishing caloric intake, which usually requires



the insertion of feeding tubes (Griffin 2000b). High mortality, close to 100%, has been
found in clinical cases for cats that do not receive aggressive nutritional therapy (Jacobs
et al. 1989). Experimentally, obese cats under extremely energy restricted diets
accumulated the most fat within the liver when fed diets containing low quality protein
and corn oil in comparison to higher quality protein and fat diets (Szabo et al. 2000).
Human NAFLD includes a spectrum of 4 types, with simple steatosis as type 1,
steatosis and inflammation as type 2, steatosis with hepatocytes injury or ballooning
degeneration as type 3 and steatosts with sinusoidal fibrosis and Mallory bodies as type 4
(Matteoni et al. 1999). Nonalcoholic steatohepatitis (NASH) is the most severe form and
is composed of type 3 and 4 NAFLD, and is associated with adverse outcomes such as
cirrhosis, and advanced liver disease often leading to death (Bugianesi et al. 2002).
Development of the disorder is associated with the metabolic syndrome, diabetes
mellitus, obesity and diet (Marceau et al. 1999; Toshimitsu et al. 2007). There is currently
no specific pharmaceutical treatment for NAFLD although changes in diet, weight loss
and lifestyle are recommended (Postic and Girard 2008). The use of insulin sensitizing
drugs to restore insulin sensitivity can be effective, but this is limited by weight gain and

adiposity (Postic and Girard 2008).

2.3 Diagnosis of Fatty Liver
2.3.1 Histological Findings

A liver biopsy or necropsy is the gold standard for the diagnosis and staging of
the progression of fatty liver diseases (Brunt et al. 1999). Fasting-induced fatty liver is
characterized by moderate to severe (33-100%) macrovesicular steatosis in mink (Pal et
al. 2008) and increases in both macrovesicular and microvesicular steatosis in polecats
(Nieminen et al. 2009). It was also noted that lobular inflammation, hepatocellular
ballooning, and borderline steatohepatitis was present in a few of the fasted polecats but
not enough to reach statistical significance. In humans, NAFLD is predominately
macrovesicular steatosis, but may have microvesicular steatosis present as well (Brunt

2004).
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The location of lipid accumulation within the liver lobules or acini in mink with
fatty liver syndrome or fasting-induced fatty liver has not been reported. In other fatty
liver diseases, the location of the lipid accumulation within the liver lobule is variable,
with the most common types in adult NAFLD being centrilobular, panacinar and azonal,
and less than 1% demonstrate having steatosis located only in the periportal region
(Chalasani et al. 2008). This pattern was also observed in the livers of lactating mink
with and without nursing sickness, where the mild fatty changes occurred in the
centrilobular zone (Clausen et al. 1992), while the histological examination of an adult
domestic ferret with diabetes mellitus showed periportal lipid accumulation (Benoit-

Biancamano et al. 2005).

2.3.2 Clinical Chemistry Indicators

Changes in the clinical chemistry are often seen with the development of fatty
liver. Alterations to lipid metabolism are also observed in humans with elevated serum
levels of non-esterified fatty acids (NEFAs), very low density lipoproteins (VLDL), and
lower levels of high density lipoprotein (HDL) (Cortez-Pinto et al. 1999). This differs in
the mink where fasting models of fatty liver indicate decreases in HDL, but no change in
VLDL levels (Mustonen et al. 2005a, 2009). Elevated glucose and insulin levels are
observed in obese cats, and cats with FHL, mink dams diagnosed with nursing sickness
and human NAFLD, indicating derangement of glucose metabolism (Cornelius and
Jacobs 1989; Wamberg et al. 1992; Cortez-Pinto et al. 1999). Indications of decreased
insulin sensitivity are not observed in fasting mink or polecats (Mustonen et al. 2005a,
2009; Rouvinen-Watt et al. 2010).

Changes in the clinical chemistry indicators are often reported with the
development of fatty liver in mink. In some, but not all cases of hepatic lipidosis, the
liver enzymes alanine aminotransferase (ALT) and aspartate aminotransferase (AST) are
elevated in the plasma (Mofrad et al. 2003). Within the fasting-induced model of fatty
liver this has been observed in mink (Mustonen et al. 2005a; Rouvinen-Watt et al. 2010),
but not in the polecat (Mustonen et al. 2009). Nor was this observed in calorically

restricted obese cats undergoing weight loss (Szabo et al. 2000), but mild to moderate
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increases may be observed in cats with FHL (Comelius and Jacobs 1989). This may be a
result of species differences, or as a result of the variability in ALT and AST in
predicting liver health (Mofad et al. 2003). Plasma alkaline phosphatase (AKPH) is
another indicator of liver health with elevated levels associated with dysfunction in bile
production and secretion (Giannini et al. 2005). Observations of fasted mink found
increased AKPH after 5 days of fasting (Mustonen et al. 2005a), but the increase was not
large enough to be of physiological significance (Giannini et al. 2005). This differs from
FHL where an increase of 5 to 15 times normal AKPH levels maybe observed (Cornelius

and Jacobs 1989)

2.3.3 Tissue Fatty Acid Composition

Changes in the fatty acid composition of the body are noted in fasted mustelids
and humans with NAFLD (Araya et al. 2004; Nieminen et al. 2006, 2009; Rouvinen-Watt
et al. 2010). Lower levels of n-3 PUFAs in the livers and fat depots of mink and polecats
are observed, while there is an increase in plasma levels of n-3 PUFAs and decrease in
n-6 PUFAs during fasting (Nieminen et al. 2006, 2009). This finding is also similar to
that seen in humans with NAFLD where these patients have lower levels of n-3 PUFAs
in the body and higher levels of n-6 PUFAs (Araya et al. 2004). Increased mobilization of
n-3 PUFASs occurs during fasting resulting in increased plasma n-3 PUFA levels
(Nieminen et al. 2006, 2009). Changes in the proportion of n-3 PUFA in the liver was
found to be the most severe in female mink, which may increase the risk of developing
fatty liver or liver inflammation (Rouvinen-Watt et al. 2010). Less is known about
changes in fatty acid composition in felines, but a significant decrease in the total n-3
PUFAs is observed in the adipose tissue for cats with FHL, and lower, but insignificant,

levels within the liver (Hall et al. 1997).

2.4 Metabolic Changes Associated with Fatty Liver

Mustonen et al. (2005b) found an increase in protein catabolism accompanied by
elevated plasma levels of urea, uric acid and ammonia when mink are subjected to food

deprivation. Cats, another carnivorous species, do not have as dynamic of an ability to
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decrease protein catabolism on low protein diets compared to omnivores and herbivores
(Russell et al. 2003). The inability to down regulate protein catabolism during periods of
protein scarcity could overpower the functioning of the urea cycle. Failure of the urea
cycle can lead to hyperammoneima, a toxic condition that may cause irritability,
cognitive impairment, seizures, coma, or death (Cagnon and Braissant 2007). Similarities
between these symptoms are also reported in female mink with nursing sickness (Clausen
1992) and cats with FHL (Griffin 2000a).

Arginine is required for the urea cycle and is an essential amino acid for cats
(Rogers and Phang 1985). A deficiency in arginine has been suggested to occur during
periods of fasting in mink and polecats based on the observations that fasting results in a
relative decrease in plasma arginine levels (Mustonen et al. 2005b,.2009). One of the
consequences of an arginine deficiency is that orotic acid may accumulate, from an
insufficient supply of arginine for the urea cycle (Cornelius and Jacobs 1989). Increased
levels of orotic acid may impair the secretion of fat from the liver (Cornelius and Jacobs
1989). It has been suggested that the consequences of protein catabolism in mink and
polecats during fasting could negatively impact the liver by limiting an increase in the

formation of VLDL and LDL (Nieminen et al. 2009, Rouvinen-Watt et al. 2010).

2.5 Lipid Metabolism in the Body

Under normal metabolic circumstances there is a continuous cycling of fatty acids
(FA) between the liver and adipose tissue; an alteration to this cycling could lead to the
accumulation of lipid within the liver (Cornelius and Jacobs, 1989), and may increase the

severity of the lipid accumulation.

2.5.1 Lipid Transport

Within the liver, NEFAs are esterified into TAG and packaged into VLDLs for
export from the liver (Sjaastad et al. 2003). The synthesis, assembly and secretion of
VLDLs occurs in the rough endoplasmic reticulum of the liver and requires
apolipoprotein B-100 (Mason 1998). Once the VLDLs are released into the blood stream

a lipoprotein lipase (LPL) residing in the capillary endothelium of adipose and muscle
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tissue hydrolyzes the TAG releasing NEFAs and one glycerol molecule (Wu et al. 2003).
This process turns the VLDLs into LDLs (Sjaastad et al. 2003). The NEFAs can then
enter the adipocyte where they are repackaged into TAGs for storage.

2.5.2 Lipid Deposition

In addition to serving as energy storage, the white adipose tissue depots in the
mink are required for thermal insulation during the winter, especially important for the
mink as a long, lean semi-aquatic mammal (Mustonen et al. 2005a). Subcutaneous fat
represents 83-86% of the mink’s total body fat, while the perirenal fat is only 3-4% of the
total. In contrast, the sable, a terrestrial mustelid, has much less (64%) 6f the total body
fat in the subcutaneous depots, and more around the kidneys (15%) (Mﬁstonen et al.
2005a, 2006a). '

The FA profiles also differ among the body fat depot. Mustonen et al. (2007)
found that in the mink, the proportions of saturated fatty acids (SFA) in the intra-
abdominal fat depot were higher and lower proportions of monounsaturated fatty acids
(MUFA) were found when compared with other fat depots. Additionally, a higher
n-6: n-3 PUFA ratio was observed in the intra-abdominal fat when compared to the
subcutaneous fat (Mustonen et al. 2007). The alteration in the n-6: n-3 PUFA ratio was
the result of a decreases in eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) and increase in linolenic acid (LA) in the intra-abdominal fat depots compared to
the subcutaneous fat (Mustonen et al. 2007). Dietary fat also plays a role with the fatty
acid profile of the diet reflected in the profile of the fat depots (Rouvinen and Kiiskinen
1989; Kikeld and Hyvérinen 1998).

2.5.3 Lipid Mobilization

The mobilization of TAGs from WAT is controlled by hormone sensitive lipase
(HSL) which catalyzes the hydrolysis of TAGs (Raclot 2003). Glucagon and epinephrine
increase the activation and expression of HSL and thus promote the mobilization of
TAG; insulin has the opposite effect, inactivating HSL and activating LPL increasing

adipocyte TAG storage (Sjaastad et al. 2003).
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Selective mobilization of fatty acids is observed in mink and polecats during
fasting (Nieminen et al. 2006, 2009; Rouvinen-Watt et al. 2010). HSL preferentially
hydrolyzes fatty acids that are shorter in chain length (Raclot et al. 2001), have a higher
degree of unsaturation, or that have the double bond located closer to the terminal methyl
end of the fatty acid chain (Raclot and Groscolas 1995). This pattern of fatty acid
mobilization was observed in the mink and polecats with the changes most dramatic in
the intra-abdominal fat (Nieminen et al. 2006, 2009; Rouvinen-Watt et al. 2010). The
effect of fat depot on the mobilization of different fatty acids is also apparent in the
subcutaneous fat depot where only minor changes are observed, and this depot is also
poorly mobilized (Mustonen et al. 2005a). ;

The ability to mobilize fat stores during prolonged periods of food deprivation,
ranging from 2 to 7 days, in the mink appears to be poorly developed. Mustonen et al.
(2005a) found that during a 7-day fast, the weights of the omental and subcutaneous fat
depots and lipase activities did not differ between fasted and non-fasted mink. It was
observed in this study that the perirenal fat was mobilized more extensively than other fat
depots (Mustonen et al. 2005a). Sexual dimorphism in size may also lead to differences
in the mobilization of fat depots during food deprivation. In fasted polecats, only females
showed a significant reduction in the intra-abdominal reserves compared to non-fasted
counterparts (Mustonen et al. 2009). This may be a result of an increase metabolic rate
due to smaller body size and higher heat loss in female polecats, which would also be the
case for female mink (Korhonen and Niemeld 1998). The poor capacity to withstand
fasting is also supported by the mink entering the final phase of starvation after 7 days of

fasting as evidenced by pronounced muscle tissue catabolism (Mustonen et al. 2005b).

2.5.4 Lipid Oxidation

Fatty acids are oxidized in the liver and other tissues to yield energy through
B-oxidation. For fatty acid oxidation to occur the fatty acid must enter the hepatocyte
mitochondria, where it follows a biochemical pathway leading to the formation of acetyl-
CoA, and then enter the Krebs cycle (Sjaastad et al. 2003). Long chain PUFAs are too

long to enter the mitochondria initially, and undergo peroxisomal B-oxidation to be

15



shortened to 16 to 18 carbons in length prior to entering the mitochondria (van Roermund
et al. 1998). It should be noted that fatty acids of 18 carbons or fewer carbons are likely
to be stored in adipose tissue and more likely to be oxidized, due to being the preferred
substrate for mitochondrial B-oxidation (Brody 1999).

The location of the hepatocyte within the liver lobule also influences its role in
fatty acid oxidation. Hepatocytes located in the periportal, zone 1, of the liver have
increased mRNA expression of key enzymes involved in fatty acid degradation in
comparison to centrilobular, zone 3, hepatocytes (Braeuning et al. 2006). This may help
explain observational differences in lipid metabolism in the liver, which results in
increased fatty acid oxidation in the periportal zone (Guzman et al. 1995). ,

During periods of food deprivation up-regulation of f-oxidation is needed to
maintain energy levels. Peroxisome proliferator activated receptor-o (PPAR-a) increases
the expression of genes involved in fatty acid oxidation resulting in increased fatty acid
oxidation and decreased accumulation of fat in the liver (Hashimoto et al., 2000).
Ketogenesis is hypothesized to be limited in the mink due to insufficient B-oxidation
(Mustonen et al. 2005b). This would have a negative impact on maintaining metabolic
fuel for the animal and may lead to further protein catabolism and an accumulation of

lipids delivered to the liver for oxidation.

2.6 Glucose Metabolism

Being strict carnivores, mink consume a diet low in carbohydrates compared to
omnivore species. When provided with a carbohydrate free diet, blood glucose levels can
be maintained provided the mink has enough substrates, such as amino acids from dietary
protein, for gluconeogenesis to occur within the liver (Fink and Bersting 2002). Mink
also have the ability to maintain glucose levels during fasting (Mustonen et al. 2005a).

Insulin is the primary hormone responsible for the regulation of blood glucose
levels in mammals. Insulin stimulates the entry of glucose into cells, and lowers blood
glucose levels (Sjaastad et al. 2003). Glucagon opposes the actions of insulin and

increases hepatic glucose production and decreases glycogen synthesis (Chibber et al.
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2000). Long term stress, such as starvation, can increase cortisol levels which increases

protein catabolism to provide amino acids for gluconeogenesis (Sjaastad et al. 2003).

2.7 Regulation of Mink Body Weight

The body condition of mink changes throughout the course of the year, with
higher body weights evident during November and December, with a decline just prior to
breeding and lowest weights during the summer months (Korhonen and Niemeléd 1997,
1998). During the fall months, preparation for winter begins with the deposition of fat in
the subcutaneous, mesenteric and inguinal fat depots (Rouvinen and Kiiskinen 1989).
The increased deposition of this fat is controlled by rising melatonin levels and ensu;res
that the animal has both insulation and energy reserves for the winter months (N ieminen
et al. 2001). Administration of exogenous melatonin increases the levels of thyroxine (T4)
and leptin, which regulates appetite and metabolism (Mustonen et al. 2000). Leptin is a
feedback signal that provides information about the body’s energy reserves (Friedman
and Halaas 1998). Increasing leptin levels are correlated with increasing body mass index
(BMI) (Tauson et al. 2002; Maffei et al. 1995).

In wild type mink, natural weight regulation has been observed in farmed
conditions through decreased feed intake resulting in ideal body condition for breeding
season (Korhonen et al. 1989). However, since obese mink of different colour types are
observed during breeding season (Tauson 1985), this suggests that genetic selection
pressures may have negatively altered the ability of mink to voluntarily regulate their

body weight (Korhonen et al. 1989).

2.8 Development of Fatty Liver: Two Hit Hypothesis

For the development of fatty liver disease in humans, a two-hit model for the
progression of hepatic steatosis to steatohepatitis was originally proposed by Day and
James (1998b). In this model, the first hit produces simple steatosis, while the second hit
is oxidative stress capable of causing lipid peroxidation leading to steatohepatitis (Day
and James 1998b). The model has since been updated to include a role for NEFAs in

causing both the first and seconds hits (Day 2002). Using this model, we can gain an
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understanding of how different factors can come together to cause the development of
FLS, and the subsequent progression through the different stages of FLS can be shown.
Factors that are known to be involved in FLS include obesity, insulin resistance, and

sudden weight loss, the ratio between n-3 and n-6 PUFAs and oxidative stress.

2.8.1 Insulin Resistance and Obesity

The four components of the metabolic syndrome X (fat distribution, impaired
glucose tolerance, hypertension and dyslipidemia) have been shown in human to correlate
with severity of steatosis (Marceau et al. 1999). In mink, high feeding intensities lead to
an increase in body condition and elevated blood glucose levels and the development of ;
hyperinsulinemia (Rouvinen-Watt et al. 2004). Similarly, mink observed to have fatty |
liver are often obese (Hunter and Barker, 1996). Increasing adiposity can cause an
increase in plasma NEFA (Jensen et al. 1989) and tumour necrosis factor-a (TNF-a)
(Kern et al. 1995) and a decrease in adiponectin levels (Ryan et al. 2003). TNF-a can
modulate insulin responsiveness by reducing the efficiency of insulin receptor binding
(Yuan et al. 2001). Impairment of the insulin signalling in adipose tissue will lead to an
increase in lipolysis and further cycling of TNF-a with NEFAs. Adiponectin is associated
with increased glucose regulation, fatty acid catabolism and decrease in lipogenesis and
anti-inflammatory properties (Yamauchi et al. 2007).

Hepatic insulin resistance in the liver may result in an effort to resist further
steatosis from enduring prolonged elevated plasma NEFA levels (Day 2002). Increasing
accumulation of NEFAs within non-adipose tissues such as the liver, leads to lipotoxicity
causing insulin resistance (Kahn and Flier 2000). Thus obesity leads to the development
of the first hit, steatosis, whereas the decreasing insulin sensitivity and responsiveness

continues the progression of steatosis.

2.8.2 Weight Loss

Sudden weight loss, either from fasting or severe caloric restriction, plays a role
in the development of steatosis. FLS in mink is associated with periods of inappetence for

one or more days that may result in the mobilization of body fat into the liver (Hunter and
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Barker 1996). This is observed experimentally in mink fasted for 5 days and show an
accumulation of TAGs within the liver (Bjornvad et al. 2004; Mustonen et al. 2005a;
Rouvinen-Watt et al. 2010). Increased hepatic lipid content can also occur in obese cats
with restrictive feeding of 25% the maintenance energy requirement if the diet does not
include sufficient protein and long chain essential fatty acids (Szabo et al. 2000). This
situation could also theoretically occur in mink production if the mink are forced to slim
down quickly in preparation for breeding season during the winter months (Damgaard et
al. 2004). Fatty acids being mobilized from the visceral fat depots will directly enter the
liver via the portal vein (Smith and Shenk 2000). This is of concern, as these depots are
readily mobilized in mink and as such may lead to an increase in hepatic lipid content
during negative energy balance (Mustonen et al. 2005a). A similar concern is found in
FHL. Armstrong and Blanchard (2009) proposed that the liver lipid accumulation may be
more the result of dramatic lipolysis caused by weight loss rather than insufficiencies in

lipid excretion or oxidation in the liver.

2.8.3 n-3 and n-6 PUFAs

A study comparing the n-3 long chain PUFAs (LCPUFAs), DHA and EPA,
content of steatosis and steatohepatitis NAFLD patients found lower levels of DHA and
EPA in their tissues compared to healthy controls (Araya et al. 2004). In the same study,
it was also shown that NAFLD patients had a significantly higher liver n-6: n-3 PUFA
ratio. It is suggested that a deficiency of n-3 PUFAs, particularly EPA, or a high n-6: n-3
PUFA ratio can result in conditions that favour increased hepatic fatty acid synthesis and
decreased secretion leading to an accumulation of TAGs within hepatocytes (El-Badry et
al. 2007).

Dietary n-3 PUFAs have been shown to prevent the development (Alwayn et al.
2005) or ameliorate hepatic steatosis (Cappani et al. 2006). An increase in insulin
sensitivity and decrease in fat deposition in response to dietary n-3 PUFAs has also been
shown (Takahashi and Ide 2000). Inconclusive results on the effects of n-3 PUFAs on
liver lipid content in mink have been reported. Kikeld et al. (2001) found that when mink
were fed diets formulated with capelin oil, containing high levels of n-3 LCPUFAs and
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low levels of n-6 PUFAs, higher level of lipids in the liver were observed, while
Damgaard et al. (2000) found no difference in liver lipid content with feeding high levels
of marine lipids.

Within the liver, n-3 PUFAs function as transcription factors that upregulate
PPAR-a (Levy et al. 2004) and secretion of apolipoprotein B-100, which is required for
the structural formation of VLDL (Lindén et al. 2002). An increase in apolipoprotein
B-100 secretion can also be observed with n-3 PUFAs (Carlsson et al. 2001). A decrease
in lipogenesis is also observed from a decrease in the transcription factor sterol regulatory
element binding protein-1, which upregulates lipogenic genes for fatty acid synthetase
and stearoyl Co-A desaturase (Levy et al. 2004).

A role in preventing the second hit, the development of steatohepatitis, can also
be attributed to n-3 PUFAs. Inflammation caused by chemically induced hepatitis was
shown to be decreased with n-3 PUFAs and was associated with a decrease in pro-
inflammatory cytokines such as TNF-a, interleukin-1p, interferon-y and interleukin-6
(Schmocker et al. 2007). Meanwhile, a high intake of n-6 PUFAs has been suggested to
shift the body into a pro-inflammatory state with increased vasoconstriction (El-Badry et
al. 2007), increased blood glucose levels and poorer glucose tolerance when compared to

n-3 PUFAs in rats (Takahashi and Ide 2000).

2.8.4 Oxidative Stress

Oxidative stress is thought to be a potential cause of the second hit in the two-hit
hypothesis proposed by Day (2002). Reactive oxygen species (ROS) and lipid
peroxidation could lead to apoptosis, the development of megamitochondria, hepatic
stellate cell activation and the formation of Mallory bodies (Pessayre et al. 2001).
Sources of ROS in steatohepatitis are associated with the metabolic syndrome and
include NEFAs and cytokines such as TNF-a and interleukin-6 (Day 2002). Videla et al.
(2004) suggested that oxidative stress plays a dual role in FLS. PUFAs are highly
vulnerable to oxidative attack due to a high degree of desaturation. Therefore, a
deficiency in n-3 LCPUFAs could result from oxidative attack from ROS and would
further the progression of FLS (Videla et al. 2004).
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2.9 Dietary Influence
2.9.1 Fatty Acid Nutrition

As generalists in the wild, mink prey upon locally available food sources (Eagle
and Whitman 1999). As a result of being able to forage in aquatic and terrestrial habitats,
fish have an important role in the diet of mink and may contribute up to 50% of the diet
(Wise et al. 1981, Chanin and Linn 1980). The diets of wild and feral mink would
theoretically be rich in DHA and EPA and have a low n-6: n-3 PUFA ratio as a result of
the prominent role fish plays in the diet (Hean et al. 1987).

Currently there are no guidelines for the fatty acid profile of oils and fats used in
mink feeds (Rouvinen-Watt et al. 2005). Analysis of standard diets fed to mink in
research settings provides an n-6: n-3 PUFA ratio of 2.85 to 3.3 (Kékeli et al. 2001;
Rouvinen-Watt et al. 2010). Many dietary fat sources are available for use in mink diets,
which impacts the ultimate fatty acid profile on the diet. Changing the dietary fat source
from broiler offal or beef and pork fat to a fish based oil, such a capelin, can result in a
dietary n-6: n-3 PUFA ratio change of 3.1 to 1.3 (Ké&kel4 et al. 2001). Maintaining a
dietary n-6: n-3 PUFA ratio of 1-4:1 has been suggested for the prevention of n-6: n-3
PUFA related inflammatory disorders in humans (Simopoulos 1991).

The shortest of the n-3 PUFAs, a-linolenic acid (ALA), is an essential fatty acid
in all animals and through desaturation and elongation can be synthesized into EPA and
DHA. Kikeld et al. (2001) stated that the ability of mink to desaturate and elongate ALA
to EPA and DHA is limited. As such, vegetable oils, such as linseed oil, would not
provide adequate quantities of EPA and DHA to the mink. The specific ability of the
mink to desaturate and elongate linoleic acid and ALA is unknown. Similarities may be
present with the cats, which lack the A6-desaturase enzyme needed to synthesize both
EPA from ALA and arachidonic acid (AA) from linoleic acid (Rivers et al. 1975). Good
dietary sources of EPA and DHA for mink are found in marine sources such as fish oil as
recommended by Kikela et al. (2001). The studies to determine the requirements for long
chain n-3 PUFA in cats have also not been performed, but an adequate combined intake
for DHA and EPA of 0.1 g/kg diet dry matter (DM) for diets of 4000 kcal/kg has been
suggested for adult maintenance (NRC 2006).
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The n-6 PUFA class of fatty acids is also involved in eicosanoid production. AA
and dihomo-y-linolenic acid are essential for the production of the eicosanoids involved
in the inflammatory response such as prostaglandin E, (Day 2002). With a large dietary
intake of n-6 PUFA an increase in the eicosanoid production from n-6 PUFAs can exceed
those formed from EPA, and would promote inflammation. Sources of n-6 PUFAs
include corn oil, and soya oil (NRC 2006), AA sources for carnivores may also come
from meat products (Li et al. 1998). Diet recommendations for cats have been made.for
n-6 PUFAs, with a recommended allowance of 0.06 g AA/ kg DM, and safe upper limit
of 0.2 g AA/kg DM for diets containing 4000 kcal/kg DM (NRC 2006).

MUFAs are produced in the body through inserting a double bond in the n-7 or n-
9 position on 16 and 18 carbon length fatty acids (NRC 2006). The most common form
of MUFAs is oleic acid (18:1n-9) (Kris-Etherton 1999). There are no dietary
requirements for n-9 MUFAs, but fat sources include canola, olive and high MUFA
sunflower oil. The n-9 MUFAs have similar abilities to PUFAs in increasing membrane
fluidity, but do not alter the n-6: n-3 PUFA ratio (Vongild et al. 1998; Elliot and Elliot
2005). As such, n-9 MUFAs do not influence the eicosanoid production, and may be

considered neutral fatty acids in this context.

2.9.2 Restricted Feeding

After reaching their heaviest body weight in early winter, a decrease in feed
intake prior to breeding season occurs naturally under some production circumstances
(Korhonen et al. 1989). However, problems arise with high energy feeds and ad libitum
feeding, resulting in obese animals that require slimming prior to flushing in preparation
for breeding (Damgaard et al. 2004). If the weight loss is too excessive before the
breeding season it can impair litter size, and similarly if the animals remain too obese a
decrease in reproductive success is also observed (Tauson and Alden 1984). The servere
caloric restricition needed to reach breeding condition can also have negative
repercussions on regulation of an ideal body weight in mink after weight loss (Clausen et
al. 2007). A better strategy may be to use a more prolonged and milder restricted feeding

regimen, thereby preventing excessive weight gain from occurring during autumn.

22



Females who were mildly restrictively fed from October till breeding in March have
better whelping results than those fed intensively (Wenzel and Schickentanz 1980). This
may be the result of preventing excessive weight and the corresponding weight loss
needed for breeding. Thus, from a management perspective, preventing excessive
autumnal fattening may alleviate problems associated with weight management and the
health risks accompanying increased body condition.

The degree to which the feed is restricted should also be taken into consideration
to prevent excessive lipolysis in animals. A diet restricted to 25% of the normal energy
requirement may induce liver lipid accumulation in cats (Szabo et al. 2000). A more mild
restriction of 15-20% RDA may not have negative physiological or reproductive effects

(Rouvinen-Watt et al. 2004; Damgaard et al. 2004).

2.10 Conclusions

In conclusion, the inclusion of n-3 PUFAs and prevention of obesity may lower
the risk of the development of fasting-induced fatty liver in mink. Prevention of the
development of obesity and insulin resistance through control of caloric intake would
prevent elevated NEFAs and thus help maintain insulin sensitivity and responsiveness
throughout the body. It is also likely that n-3 PUFAs would help maintain normal hepatic
fat metabolism and prevent inflammation that a high n-6 PUFA intake would cause.
Dietary n-3 PUFAs from fish oil would supply the n-3 LCPUFAs EPA and DHA and
lower the n-6: n-3 PUFA ratio and replenish n-3 PUFA that are lost due to peroxidation

and increased mobilization during fasting.

2.11 Objectives and Hypotheses

The overall objective of this project is to characterize the development of fasting-
induced fatty liver syndrome in the mink and investigate the roles of fatty acid nutrition
and body condition in the etiology of fatty liver syndrome. Specifically, the first objective
is to determine the effect of diets containing high levels of n-3, n-6 or n-9 PUFA on the

development of hepatic lipidosis and fat mobilization during food deprivation. The

23



second objective is to determine the effect of feeding intensity on the development of
hepatic lipidosis and fat mobilization during food deprivation.

It is hypothesized that feeding of a diet high in n-3 PUFA will improve the n-6: n-
3 PUFA ratio in the liver tissue and will decrease the severity of the fasting-induced fatty
liver syndrome in mink. The fatty acid profiles of the diet will be reflected in the
mobilized FAs from the fat depots. Mink that are overfed will show an increase in the
severity of fasting-induced fatty liver syndrome when compared to the mink that are fed
according to a restricted feeding regime. Overfed mink will show an increase in fat

mobilization from intra-abdominal fat depots.
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CHAPTER 3. Effect of Dietary Fat Source and Feeding Intensity on the
Development of Fasting-Induced Fatty Liver in the Mink (Veovison vison)

3.1 Introduction

The development of FLS in mink has been linked to obesity and highly stressful
periods of the production season causing mink to go off feed for a period a few days
(Hunter and Barker 1996). Experimentally, fatty liver can be induced through fasting
resulting in liver lipid accumulation in as little as two days of food deprivation (Bjornvad
et al. 2004; Mustonen et al. 2005a; Rouvinen-Watt et al. 2010). The development of fatty
liver disease in humans and cats is associated with obesity (Marceau et al. 1999;
Armstrong and Blanchard 2009). However, a high n-6: n-3 PUFA ratio and low n-3
PUFA profiles in humans and insufficient dietary supply of essential fatty acids in cats
may negatively influence liver metabolism promoting lipid accumulation in the liver
(Szabo et al. 2000; Araya et al. 2004). Obesity and a deficiency in n-3 PUFAs has also
been suggested to play a role in the development of nursing sickness in lactating female
mink (Rouvinen-Watt 2003).

During the autumn months, mink prepare for the winter months by increasing
their body fat reserves in both the subcutaneous and intra-abdominal depots (Rouvinen
and Kiiskinen 1989). Preventing overconditioning in the mink may help avoid the
excessive mobilization of these fat reserves during periods of negative energy balance or
inadequate feed intake. Of these fat reserves, the intra-abdominal fat is rapidly mobilized
(Mustonen et al. 2005a). Furthermore, prior feeding of diets high in n-3 PUFAs may help
maintain normal liver function during periods of over nutrition or food deprivation
(Rouvinen-Watt et al. 2010).

This study focuses on the effects of feeding intensity and dietary fat source in
fasting-induced fatty liver (hepatic lipidosis) through the evaluation of liver health,
clinical chemistry and endocrinology. As well, the study examines the effects of feeding
history of non-fasted animals with respect to feeding intensity and dietary fat source. It is
hypothesized that mink fed at above the RDA, will become obese, and exhibit more

severe hepatic lipid accumulation following fasting than mink fed below the RDA. Also,
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it is anticipated that increasing dietary intake of n-3 PUFAs may help reduce the severity

of fatty liver in these animals.
3.2 Materials and Methods
3.2.1 Animals and Experimental Treatments

Seventy-two (72) standard dark juvenile mink, half male (36) and half female (36)
were used in this study. The mink were housed in breeder style cages at the Canadian
Centre for Fur Animal Research located at the Nova Scotia Agricultural College. The
trial was conducted from September to December 2007. All procedures and husbandry
practices were in accordance with the Canadian Council of Animal Care (CCAC 1993),
and were approved by the Animal Care and Use Committee of the Nova Scotia
Agricultural College.

The mink were selected from six (6) dam’s dams. The average whelping date was
used to group the dam’s dam by age: early, mid and late whelping. One male and one
female from each of the dam’s dams groups were randomly allocated to an experimental
diet and feeding intensity combination (Figure 3.1).

The experimental diets consisted of a basal diet supplemented with one of three
fat sources: herring oil (n-3 PUFA), soya oil (n-6 PUFA), or canola oil (n-9 MUFA)
(Table 3.1). Due to the high unsaturated fatty acid content of the diets, the premix was
supplemented with an additional 100 IU vitamin E/ tonne wet feed. Each diet was fed at
two feeding intensities: a low feeding intensity of 80% of the recommended dietary
allowance (RDA) and a high feeding intensity of 120% RDA. The RDA guidelines used
were specified for sex and month of the year (Rouvinen-Watt et al. 2005) and further
adjusted for the individual metabolic body weight (body weight®”®) of the mink. The
mink were fed once a day with each individual mink’s portion weighed out, and any
leftover feed removed the next day prior to feeding.

After being fed the diet regime for a period of 10 weeks, one dam’s dams group
from each age group (early, mid and late) was selected to undergo an overnight fast of 14
to 16 hours prior to sampling and served as the control (non-fasted, NF). The other dam’s
dams groups underwent a 5-day fasting period (fasted, F) to induce hepatic lipidosis prior
to sampling. One week prior to beginning the fasting period, the F mink were placed in
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isolation in a quarantine shed and remained there for the fasting period. While in
isolation, the mink were provided with covered nest boxes. Throughout the fasting period
the mink had twice daily health monitoring by staff and a daily visual inspection by two

licensed veterinarians.
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Table 3.1. Ingredient formulation of the experimental diets.

Diet
Ingredient g/ 100g n-3 PUFA n-6 PUFA n-9 MUFA
Cod racks 52.5 52.5 52.5
Pork liver 13.5 13.5 13.5
Pork spleen 7.0 7.0 7.0
Extruded barley 14.4 14.4 14.4
Corn gluten meal 3.1 3.1 3.1
Herring oil 4.7 - -
Soya oil - 4.7 -
Canola oil - - 4.7
Vitamin mineral premix® 0.4 0.4 0.4
Water 4.4 4.4 4.4

® Vitamin Mineral Pre-mix growing/furring (g /tonne): vitamin A (600 x10° IU/kg), 600 IU;
vitamin D (500 x10° IU/kg), 600 IU; vitamin E (500 000 IU/kg), 150 IU; vitamin K (33%), 0.66
g; vitamin C (97.5%), 94.6 g; riboflavin (95%), 47.5 g; DL Ca-pantothenate (45%), 6.30 g; niacin
(99%), 19.8 g; vitamin B, (1000 mg/kg), 0.02 g; folic acid (3%), 0.45g; biotin (2%), 0.1g;
choline chloride (60%), 600g; thiamine (97 x10* mg/kg), 3.88 g; pyridoxine (99 x10* mg/kg),
4.95 g; manganous oxide (60%), 10.8g; zinc oxide (80%), 30.4 g; cupric sulfate (25%); 5 g;
cobalt carbonate (45%), 0.45 g; selenium premix (675 mg/kg), 0.22 g, ferrous sulphate (27%),
99.9 g; ground limestone (38%), 190 g; ethoxyquin (50%), 45 g, wheat middlings 3324 g.

3.2.2 On-Going Physical and Physiological Measurements

At the beginning of the feeding trial and every 4 weeks afterwards, the body
weight, body condition and blood glucose of the mink was measured. The mink were
manually restrained, and the mink’s blood glucose was measured using the Accu-Check
Compact™ blood glucose monitor (Roche Diagnositics, Switzerland, Laval, Quebec)
from a clipped toe nail. The body condition of the mink was scored on a 5-point scale,
with 1 being very thin, 3 being ideal and 5 being obese (Rouvinen-Watt and Armstrong,
2002). To ensure a postprandial blood glucose measurement, the mink were given 50 g of
their daily feed allotment 1 to 2 hours before the blood glucose measurement was taken.
Finally, the mink were weighed in a tared catch cage (to the nearest 1 g). The average
feed intake during each month was measured during the three days before the mink were
to be weighed. The feed intake was calculated as the difference in the total DM offered
minus the total DM of the collected left over feed each day.
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3.2.3 Tissue Sample Collection

The start of the fasting period was staggered to allow sample collection to take
place over a period of two weeks in order to be feasible from a handling perspective.
During the first week the non-fasted mink were sampled and the fasted mink were
sampled the following week. Each day 1 male and 1 female from each diet and feeding
intensity were sampled in the NF group during the first week and F group during the
second week.

The mink were anesthetised using an intra-muscular injection of xylazine
(Rompun, 0.17 mL/kg) and ketamine hydrochloride (Ketalean 100 mg/mL conc., 0.09
mL/kg) for blood sampling. Blood was drawn into 4 mL EDTA Vacutainer® tubes using
cardiac puncture with three tubes taken from each female and four from each male. One
tube from each mink was used for haematological analysis. The others were spun for 15
minutes at 1000 x G at 4°C, and the isolated plasma stored at -80°C for later analysis.
Immediately following the cardiac puncture, the mink were euthanized with an
intracardiac injection of pentobarbital (Euthanyl, 0.44 mL/kg). The length of the mink
was measured to determine body mass index (BMI) on a measuring board with a V-
shaped slot from the base of the tail to the tip of the nose (precision 0.5 cm). BMI was
calculated as the body weight (g) over body length cubed (cm®) (Mustonen et al. 2005a).
The body condition score (BCS) was then assessed and the pelt removed.

The livers were removed and weighed. A slice of the left median lobe from each
liver was taken and preserved in 10% buffered formalin solution with the remaining liver

flash frozen in liquid nitrogen and stored at -80°C.

3.2.4 Analyses
3.2.4.1 Feed Analysis

During the preparation of each three batches of feed, a representative sample was
taken for each diet for feed analysis. Feed analysis was performed at the Harlow Institute
(Nova Scotia Department of Agriculture, Truro, Nova Scotia) for DM, crude protein |
(CP), crude fat (CF), and ash content. The carbohydrate (CHO) content of the diets was
estimated by the difference from the DM minus CP, CF and ash. The metabolizable
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energy (ME) content of the diets was calculated as the sum of the ME contributed by CP,
CF, and CHO. The proportions of CP, CF, and CHO in the diets were multiplied by 4.5,
9.5, and 4.2 respectively to estimate the Mcal/kg contributed by these components
(Rouvinen-Watt et al. 2005).

Samples of the diets and oils were also taken for fatty acid analysis conducted at
the University of Joensuu (Joensuu, Finland), as described by Nieminen et al. (2006).
Briefly, the diet and oils were transmethylated according to Christie (1993), by heating
samples with 1% methanolic H,SO4 in a nitrogen atmosphere. The fatty acid methyl
esters (FAMEs) were extracted with hexane. The FAMEs were then analyzed using a gas
chromatograph (GC-FID and GC-MS, 6890 N network GC system with autosampler,
FID dector and 5983 mass selective detectors, Agilent Technologies Inc, Palo Alto, CA)
equipped with two injectors and DB-wax capillary columns (30 m, ID 0.25 mm, film 0.25
um; J&W Scientific, Folsom, CA). An injection volume of 2 pL was used with a split
ratio of 1:20. An injection temperature of 250°C was used, and the initial oven
temperature was 180°C, held for 8 minutes then followed by an increase of 3°C/min until
a final temperature of 210°C was reached, where it was maintained for 25 minutes.
Helium was used as the carrier gas with one injector connected with a flow rate of 1.8
mL/min for the flame ionization detector (FID) lines and 1.0 mL/min for the mass
spectrometer (MS) lines. The peaks were manually integrated using the Agilent
ChemStation software (Agilent, Technologies Inc). The FAMEs were identified through
retention time and mass spectrum in comparison to authentic quantitative standards
(Sigma, St. Louis, MO). The FAMEs were quantified through the use of theoretical
response factors (Ackman, 1992) and calibrations with authentic standards to convert

peak area to mole %.

3.2.4.2 Blood Analyses

Haematological analysis was performed on whole blood at Fundy Veterinary Ltd.
(Murray Siding, N.S., Canada). The SCIL Vet abc Animal Blood Counter (Vet Novations
Canada Inc., Ontario Canada) was used to perform red blood cell count, white blood cell

count, haemoglobin, haematocrit, platelet count, mean corpuscular volume, mean
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corpuscular haemoglobin, mean corpuscular haemoglobin concentration, red cell
distribution width, mean platelet volume, lymphocyte count, monocyte count, and
granulocyte count.

Clinical chemistry was performed on previously frozen plasma (stored at -80 °C)
at the Atlantic Veterinary College (Charlottetown, P.E.L., Canada) for urea, glucose,
ALT, AKPH, total protein (TProt), albumin, globulin, and albumin:globulin (A:G).
Further analyses were conducted at the University of Joensuu (Joensuu, Finland) for
plasma levels of TAG, LDL cholesterol, HDL cholesterol, total antioxidant status (TAS),
uric acid, creatine kinase, ammonia (NHj3), and NEFA as described by Mustonen et al.
(2006b, 2009).

Plasma levels of insulin, leptin, cortisol glucagon, triiodothyronine (T3), and
thyroxine (T4) were determined at the University of Joensuu (Joensuu, Finland). Levels
were measured using Human Insulin Specific kit (Linco Research, St. Charles, MO,
USA,; intra-assay variation 2.8-3.6% CV), leptin using the Multi-Species kits (Linco
Reasearch; 2.2-4.4% CV), cortisol using the Spectria Cortisol['’I} Coated Tube
Radioimmunoassay (Orion Diagnostica, Espoo, Finland; 2.6-5.4%), glucagon with the
Coat-A-Count Double Antibody Glucagon kits (Siemens Medical Solutions Diagnostics;
3.2-6.5% CV), and T3 and T4 with the Coat-A-Count Total T3 kit (Siemens Medical
Solutions Diagnostics; 3.8-8.9% CV) and Coat-A-Count Total T4 kit (Siemens Medical
Solutions Diagnostics; 2.7-3.8% CV), respectively. The homeostatic model assessment
(HOMA) to assess insulin resistance was calculated as the insulin concentration (uU/mL)
multiplied by the blood glucose concentration (mmol/L) divided by a constant of 22.5
(Mathews et al. 1985).

3.2.4.3 Liver Analyses

The total lipid content of liver samples was measured following the Folch et al.
(1957) method using 2:1 chloroform: methanol ratio. Liver DM was measured by freeze
drying liver samples in duplicate. To determine relative size of the liver in relation to the
body mass, the hepatosomatic index (HSI) was calculated as the % liver weight over

body weight and the ratio of liver weight to BMI (L: BMI).
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The formalin preserved liver samples were processed for histological evaluation
and stained with hematoxylin.and eosin at the histology laboratory of the Veterinary
Services of the Nova Scotia Department of Agriculture and Fisheries, Quality Evaluation
Branch (Truro, N.S.). In brief, the automated method uses the Tissue Tek® VIP™
(Sakura; Torrance, CA, USA) to dehydrate the liver samples and infuse with wax.
Following this the samples were embedded using the Tissue Tek® Tec™ (Sakura;
Torrance, CA, USA) where cassettes of the liver samples are made. The cassettes were
then sliced on a microtome to 5 um in thickness (Microm HM 335E, Microtome
Laborgerate GmbH, Gemany), and placed on a slide. The slides undergo an automated
staining process using the Tissue-Tek ® DRS™ 2000 (Sakura; Torrance, CA, USA). The
liver sections were evaluated for degree and type of steatosis using a method modified
from Kleiner et al. (2005). Each liver sample was examined on three separate occasions
and assigned scores corresponding to the degree of macrovesicular and microvesicular
steatosis. The scores were: 0 (<5%), 1 (5-33%), 2 (33-66%) and 3 (>66%). In addition,
the location of the steatosis was evaluated: 0 (central or zone 3), 1 (periportal or zone 1),
2 (azonal), and 3 (panacinar). In order for a liver evaluation for a sample to be
considered, the same scores must have been achieved a minimum of two out of the three

times.

3.2.5 Statistical Analysis

A split-plot factorial design was used in the analysis of the feeding trial. The
whole plot treatment was sex and the subplot treatments were the diet and feeding
intensity treatment combinations with 6 replicates within each. The dam’s dam was used
as a blocking factor and was nested within sex. The growth data, and monthly blood
glucose levels were analyzed to examine the effects of feeding intensity, dietary fat
source and sex on the measured response variables using Proc MIXED in SAS®v.9 (SAS
Institute Inc., Cary, NC) with the repeated measures option and random statement
(subject = mink ID).

For the fasted mink, a split-plot factorial design was used to determine body

weight and BCS changes during relocation to the quarantine shed and the fasting period.
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The same experimental design was used from the feeding trial, with the exception of the
replicates being reduced to 3 in each diet and feeding intensity combination.

For the final sampling data, a split-split-plot factorial design was used, with
fasting treatments as the whole plot, sex as the sub-plot and the diet and feeding intensity
treatment combinations as the sub-sub-plots, with 3 replicates within each. The
haematology, clinical chemistry, endocrinology and liver responses were analyzed using
Proc MIXED to examine the effects of feeding intensity, diet, fasting, and sex on the
response variables.

A multiple means comparison test (PDiff) was used to identify where differences
existed when significant effects were found at P <0.05. In cases where a significant 3-
way interaction that included fasting as an effect or a 4-way interaction, comparisons
were made within NF and F, and between individual NF and F treatments only. A
regression model was developed for the prediction of liver lipid content from liver DM

using Proc REG in SAS.

3.3 Results
3.3.1 Diet Nutrient Composition and Metabolizable Energy Distribution

The diet nutrient composition, energy distribution, and fatty acid composition of

| treatment diets is shown in Table 3.2. The fatty acid profiles of the diets differed with the
n-3 PUFA diets having the highest levels of saturated fatty acids, MUFA and n-3 PUFA,
EPA and DHA and lowest proportion of n-6 PUFAs resulting in a low n-6: n-3 PUFA
ratio in the diet. The n-6 PUFA diet had high levels of total n-3 and n-6 PUFAs, making
it the highest total PUFA containing diet. The high n-6 content of the n-6 PUFA diet,
however gave it the highest n-6: n-3 PUFA ratio. The n-9 MUFA had the highest levels
of MUFA and lowest PUFA levels, and was intermediate in the n-6: n-3 PUFA ratio
compared to the other diets. The differences in the fatty acid profiles of the diets are a

direct reflection of the fatty acid content of the oils (Table 3.3).
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Table 3.2. Nutrient composition, metabolizable energy (ME) content and distribution,
and fatty acid profiles of the n-3 PUFA, n-6 PUFA and n-9 MUFA experimental diets.

Experimental Diet

n-3 PUFA n-6 PUFA n-9 MUFA
Composition Samples, n 3 3 3
(as fed) % DM 39.08 +0.74 39.77 +0.91 39.49 +0.46
% CP 15.10 +£0.30 15.63 £0.51 14.83 £0.31
% CF 6.72 £0.43 7.66 £0.91 6.52 £0.49
% CHO 12.50 +0.84 13.48 +1.19 13.86 +0.48
% Ash 4.04 £0.19 3.84 +0.19 3.75 £0.32
ME Distribution ~ ME kcal/kg 1520 +£23.9 1649 +72.1 1532 +28.6
% Protein 38.01 +£0.22 36.29 +0.51 37.06 +£1.19
% Fat 37.75 +1.82 39.48 +3.02 36.31+2.04
% Carbohydrate 24.25+1.98 24.23 £2.78 26.63 +1.31
Fatty Acid Profile  14:0 5.45 +0.14" 0.25 +0.14° 0.18 +0.14°
(mole %) 16:0 14.63 +£0.26" 13.38 £0.26° 9.26 £0.26°
18:0 3.93 +£0.318 5.69 £0.31* 427 +0.31"®
Total SFA 25.71 £0.46* 20.38 £0.41° 14.90 +0.46°¢
16:1 n-9 0.19 +0.004* 0.13 £0.004® 0.13 +0.004"
16:1 n-7 7.05 £0.07* 0.54 £0.078 0.58 +£0.07B
18:1 n-9 10.64 +0.26¢ 17.38 +0.26 48.27 +0.26*
18:1 n-7 2.03 +0.068 1.47 £0.06° 2.89 £0.06"
Total MUFA 53.17 £0.294 20.99 £0.298 53.85 +0.294
18:2 n-6 (LA) 8.86 +0.08¢ 45.98 +0.08" 21.18 +0.028
20:4 n-6 (AA) 1.47 £0.13 1.23 £0.13 1.08 £0.13
22:4 n-6 0.16 £0.02 0.12 +£0.02 0.13 £0.02
22:51n-6 0.11 £0.01* 0.06 £0.018 0.04 +£0.018
Total n-6 PUFA 10.83 +0.55¢ 47.56 +£0.55" 22.61 £0.558
18:3 n-3 (ALA) 0.75 £0.14° 8.12 +0.14% 6.65 +0.14°
20:5 n-3 (EPA) 4.05 +£0.07* 0.82 +0.07° 0.54 +0.07¢
22:51n-3 0.70 £0.02* 0.24 +0.028 0.19 +0.02°
22:6 n-3 (DHA) 3.40 £0.18% 1.52 +0.18" 1.03 £0.18®
Total n-3 PUFA 10.29 +£0.29* 10.97 £0.29* 8.57 +0.298
UFA: SFA 2.94£0.11¢ 3.92+0.11° 5.71 £0.11*
Total PUFA 21.12 £0.61°¢ 58.62 +0.614 31.25+0.61°8
n-6: n-3 PUFA 1.05 £0.03¢ 435 +0.03* 2.63 £0.03®

AC Values within response rows differ (P < 0.05).
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Table 3.3. Fatty acid profile of the oils used in the n-3 PUFA, n-6 PUFA and n-9 MUFA
diets.

Experimental Diet

mole % n-3 PUFA n-6 PUFA n-9 MUFA
14:0 8.56 0.10 0.07
16:0 11.97 10.57 4.75
18:0 0.96 3.51 1.93
Total SFA 22.95 14.96 7.83
16:1 n-9 0.05 0.02 0.04
16:1 n-7 10.04 0.11 0.25
18:1 n-9 6.73 16.70 58.41
18:1 n-7 2.01 1.15 3.13
Total MUFA 63.29 18.54 63.34
18:2 n-6 (LA) 0.80 55.31 19.67
20:4 n-6 (AA) 0.21 0.004 0.002
22:4n-6 0.02 0.001 0.02
22:5 n-6 0.07 0.002 0.001
Total n-6 PUFA 1.27 55.39 19.77
18:3 n-3 (ALA) 0.39 10.96 8.72
20:5 n-3 (EPA) 0.23 0.04 0.02
22:51n-3 0.71 0.002 0.13
22:6 n-3 (DHA) 3.63 0.01 0.13
Total n-3 PUFA 12.16 11.06 9.02
UFA: SFA 3.36 5.68 11.79
Total PUFA 13.76 66.50 28.84
n-6: n-3 PUFA 0.10 5.00 2.17

3.3.2 Feeding Trial

A significant interaction occurred over time with feeding intensity and sex for
body weight and feeding intensity for body condition score (Table 3.4). At the start of the
trial, there was a difference in the body weights between the sexes, but not between
animals assigned to the various dietary regimes (Figure 3.2). Both the male and female
mink lost weight when fed at the lower feeding intensity throughout October and
November, while only the males had significant weight gain on the high feeding
intensity, with the weight gains plateauing after October. Changes in the BCS score of the

animals were only observed in November with a significantly lower BCS for the 80%
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RDA group from previous scorings, and a higher BCS for the 120% RDA from previous
scorings (Table 3.5).

The feed intake of the mink differed between the sexes and time for feeding
intensity and oil separately. The males consumed more feed than the females (347 £6
kcal/day and 84.1 +1.5 g DM/day vs. 248 +6 kcal/day and 60.0 £1.5 g DM/day). Feed
intake remained constant for the animals on the lower feeding intensity (Table 3.6). In the
high feeding intensity the feed intake increased throughout the trial, but never reached the
intended 120% RDA. Diet affected the DM intake per day, with the mink fed the n-3
PUFA diet increasing consumption from October to November (Table 3.7). The
consumption of the other two diets did not change over time. During November, the n-6
PUFA diet had a higher intake than the n-9 MUFA diet.

The blood glucose levels of the mink differed significantly over time during the
feeding trial. Blood glucose levels measured in September, at the start of the trial, were
significantly higher than in the other months (September: 4.6+ 0.1, October: 3.8+ 0.1 and
November 3.7 + 0.1 mmol/L).
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Figure 3.2. Body weight of the male and female mink fed at 80% and 120% RDA
throughout the feeding trial. Male mink are shown in circles, and female mink
in triangles. Closed symbols represent the 80% RDA and open symbols
represent the 120% RDA. Sex*FI*Time P =<0.001. * Values differ within
sex and feeding intensity. * Values differ between feeding intensity within sex.
Lsmeans + SEM are presented.

Table 3.5. Effect of feeding intensity on BCS of mink throughout the feeding trial.

BCS 80% RDA 120% RDA
Sept 27™ 3.0+0.01° 3.0+ 0.01%
Oct 25" 3.1£0.018 3.1+0.018
Nov 22™ 2.9+0.01° 3.3+0.01"

A€ Values differ within response (P <0.05).
Lsmeans + SEM are presented.

39



Table 3.6. Feed intake of the mink fed at 80% and 120% RDA during the feeding trial.

80% RDA 120% RDA

DM g/day kcal/day % RDA DM g/day kcal/day % RDA

Oct 702422% 274 +8* 80 +2°° 7484235 292 9% 89 2P
Nov 61.1+1.6% 2667 80 +14° 82.0 1.6 357 +7% 103 +142

AB Values differ within response columns (P <0.05).
*® Values differ within response rows (P <0.05).
Lsmeans + SEM are presented.

Table 3.7. Feed intake (DM g/day) of the mink fed the experimental diets during the
feeding trial.

Feed intake, n-3 PUFA n-6 PUFA n-9 MUFA
DM g/day :

Oct 285.1 £10.7% 285.7+10.7° 278.3 +10.7°
Nov 349.4 £8.7"° 307.3 +8.7° 2773 +8.7°

A8 Values differ within response columns (P <0.05).
*¢ Values differ within response rows (P <0.05).
Lsmeans + SEM are presented.

3.3.3 Effect of the Fasting Treatment on Final Body Condition

All mink completed the fasting treatment without apparent detrimental health
effects and remained alert during the 5-day food deprivation period. The tips of the tails
of four mink, all in different diet and feeding intensity treatment combinations, showed
minor chewing after one day of fasting, but showed no progression throughout the rest of
the fast.

The F mink lost weight over time and differences were observed in body weights
between feeding intensities and sex (Table 3.8). A continuation of the size difference
between the male and female was observed throughout fasting, with the males being
larger than the females (Table 3.9). In both sexes, the fasting treatment resulted in a
decrease in body weight in addition to the weight loss during the time from being
relocated to the quarantine shed and the 24 hour fasting mark. The body weights were
also dependent on the feeding intensity, with higher weights in the mink fed at 120%
RDA (Table 3.10). During the fasting period, both feeding intensities showed weight loss
during the transition to the quarantine to 24 hours fasting mark to final weighing. The
weight loss was also reflected in the BCS of the mink fed at 80% RDA, but this was not

observed in the mink fed at 120% RDA.
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P-values for the final body weight, BCS, and BMI of the mink are shown in Table
3.11. The final body weights of the mink fed at 80% RDA were lower than those fed at
120% RDA (Figure 3.3). A fasting, diet and sex interaction was observed, where the
males fed n-3 PUFA at 120% RDA were found to be the heaviest mink in the NF group
and lightest in the F group. No differences were observed between the n-6 PUFA and n-9
MUFA fed male mink within the NF and F male groups. No significant differences were
observed in the body weight of the females. The final BCS of the mink was influenced by
fasting with lower scores in the fasted mink (3.1 £0.1 vs. 2.7 +0.1). In addition the mink
fed at 80% RDA were also found to have a lower BCS than the mink fed at 120% RDA
(2.5 £0.1 vs. 3.3+0.1). Changes associated with fasting and feeding intensity were also
reflected in BMI of the mink. The NF mink had a higher BMI than the F mink (19.1 £0.4
vs. 17.3 £0.4) and the mink fed at 80% RDA had a lower mean BMI than the mink fed at
120% RDA (16.1 £0.4 vs. 20.4 +0.4). A sex difference was also noted for BMI with the
males having a higher BMI than the females (19.2 £0.4 vs. 17.3 £0.4).

Table 3.8. P-values of the main effects and interactions of fasting on body weight and
BCS. Highest order significant main effects and interactions are bolded.

Body Weight BCS
Sex 0.001 0.280
Diet 0.912 0.252
Sex*Diet T 0432 0.597
FI <0.001 <0.001
Sex*FI 0.018 0.678
Diet*F1 0.879 0.779
Sex*Diet*FI 0.903 0.944
Time <0.001 0.024
Sex*Time <0.001 0.761
Diet*Time 0.424 0.875
Sex*Diet*Time 0.706 0.894
FI*Time 0.002 0.014
Sex*FI*Time 0.795 0.125
Diet*FI*Time 0.823 0.875
Sex*Diet*FI*Time 0.233 0.376

41



Table 3.9. Effect of fasting and sex on body weight.

Body Weight, g

Male Female
Nov 29" 2284 +75* 1183 757
24 hrs Fasting 2153 +75° 1108 +75°
Final 1902 £75°¢ 949 +75F

AFvalues differ within responses (P <0.05).

Lsmeans + SEM are presented.

Table 3.10. Effect of fasting and feeding intensity on body weight and BCS during the 5-

day fasting period.
Body Weight, g
80% RDA - 120% RDA 80% RDA 120% RDA
Nov 29" 1497 +64° 1971 +64% 2.9+0.2° 3.1+02%
24 hrs Fasting 1411 +64°% 1851 +64° 2.6 £0.2€ 3.4+024
Final 1211 +64° . 1640 +64° 2.4+0.2° 3.1+£0.2%

A Values differ within responses (P <0.05).

Lsmeans + SEM are presented.

Table 3.11. P-values of the main effects and interactions of the final body weight, BCS
and BMI. Highest order significant main effects and interactions are bolded.

Effect Body Weight BCS BMI
Fast <0.001 0.004 0.003
Sex 0.001 0.163 0.034
Fast*Sex 0.217 0.664 0.616
Diet 0.123 0.717 0.176
Fast*Diet 0.271 0.717 0.742
Sex*Diet 0.284 0.953 0.907
Fast*Sex*Diet 0.009 0.542 0.061
FI <0.001 <0.001 <0.001
Fast*FI 0.776 1.000 0.463
Sex*FI 0.004 0.664 0.297
Fast*Sex*FI 0.785 0.087 0.558
Diet*FI 0.719 0.375 0.804
Fast*Diet*F1 0.957 0.653 0.738
Sex*Diet*FI 0.524 0.717 0.328
Fast*Sex*Diet*FI 0.902 0.717 0.973
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shown in black and female mink in grey. Sex*FI P = 0.004. **° Values differ
(P <0.05). Lsmeans + SEM are presented.
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4. Final body weights of the non-fasted and fasted mink fed the experimental
diets. Male mink are shown in black and female mink in grey.Fast*Sex*Diet P
=0.009. AP Values differ (P <0.05). Lsmeans + SEM are presented.
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3.3.4 Haematology

Significant interactions were detected in the red blood cell (RBC) count with the
fasting, sex, and oil interaction and the fasting, sex, and feeding intensity interaction
(Table 3.12.a). In both interactions, the males tended to have higher RBC counts than the
females, but this was not true in every case. For the fasting, sex and oil interaction, in the
NF group the female mink fed the n-3 PUFA diet had a lower RBC count than their male
counterparts, which was not observed in the other diets (Table 3.13). Fasting resulted in a
decrease in the RBC count of the female mink fed the n-6 PUFA diet and an increase in
the female mink fed the n-9 MUFA diet. Examining the F mink, only the n-9 MUFA
mink did not show a difference in the RBC count between sexes. With regards to the
fasting, sex and feeding intensity effect on RBC count, no difference was observed
between the F and NF mink (Table 3. 14). In the NF mink, feeding at 80% RDA resulted
in lower RBC count in females compared to males, which was not observed in NF mink
fed at 120% RDA. However in the F mink, feeding at 120% RDA resulted in a decrease
in the RBC count in the females compared to the males. Fasting led to an increase in the
haemoglobin (HGB) levels of the female mink fed at 80% RDA and the male mink fed at
120% RDA, who also had the highest HGB levels within the F mink. The F mink also
had increased haematocrit (HCT), mean corpuscular volume (MCV), and mean
corpuscular haemoglobin values (MCH) (Table 3.15). Diet had a significant effect on the
MCH, with the n-6 PUFA diet having higher levels than the n-3 PUFA diet (Table 3.16),
while the higher feeding intensity increased the MCV as well from 31.4 £0.1 um’ in the
80% RDA group to 31.7 £0.1 um’ in the 120% RDA group. A significant interaction with
the RBC distribution width (RDW) was observed, with the lowest value observed in the
n-6 PUFA mink fed at 80% RDA within the NF (Table 3.17). In the F mink, the n-9
MUFA mink fed at 80% RDA had a lower RDW value than those fed the n-9 MUFA diet
at 120% RDA and n-3 PUFA diet at 80% RDA. Fasting resulted in an increase in the
RDW in the mink fed the n-3 and n-6 PUFA diets at 80% RDA.

Platelet (PLT) number and mean platelet volume (MPV) of the mink was affected
by fasting and diet (Table 3.12.a). Fasting decreased the PLT number, but showed an
increase in the MPV (Table 3.15). The lowest PLT counts were observed in the mink fed
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the n-3 PUFA diet, followed by the n-9 MUFA diet and n-6 PUFA diet (Table 3.16),
while the n-3 PUFA group had the highest MPV compared to the other two diets.

A fasting, sex, diet and feeding intensity interaction was found with the white
blood cell (WBC) count for the mink (Table 3.12.b). In the NF mink, the highest WBC
count was observed in the male mink fed the n-9 MUFA diet at 120% RDA, which
differed from its 80% RDA counterpart (Table 3.18). The female mink fed the n-3 PUFA
diet at 80% also had a lower WBC count compared to the female mink fed the same diet
at 120% RDA in the NF group. In the fasted mink the lowest WBC count was found in
the female mink fed the n-6 PUFA diet at 80% RDA, which differed from its counterparts
fed at 120% RDA. The proportion of lymphocytes (LYM) decreased in the F mink while
the proportion of the granulocytes (GRA) increased (Table 3.15). The monocytes (MON)
decreased as a result of fasting in mink fed at the 80% RDA level, but not at the 120%
RDA level. The F mink fed at the 80% RDA level also had lower proportion of MON
than the mink fed at 120% RDA.

A sex, diet and RDA interaction was also observed for the % LLYM, MON, and
GRA. The % LYM was the highest in the male mink fed the n-3 PUFA diet at 80% RDA,
and the lowest in the female mink fed then 6-PUFA diet at 120% RDA (Table 3.19). The
% MON were the highest in the males fed the n-6 PUFA diet at 80% RDA, and the
lowest in the female mink fed the n-3 and n-6 PUFA diets at 120% RDA. The % MON
tended to decrease with increasing feeding intensity and was generally lower in the
female mink. Changes in the % MON as a result of feeding intensity were also dependent
on the fast, with lower proportions in the NF mink, but higher in the F with the 120%
RDA (Table 3.21). The % GRA were the highest in the female mink fed the n-6 PUFA
diet at the 120% RDA level and the lowest in the male mink fed the n-3 PUFA diet at the
80% RDA level. For both males and females fed the n-6 PUFA diet, increasing the RDA
to 120% increased the % GRA.

Feeding intensity and diet had an effect on the LYM count. LYM count was
higher in the mink fed at 120% RDA (1.2 +£0.1) compared to the 80% RDA group (0.8
+0.1), while, the mink fed the n-3 PUFA diet had higher counts than both the n-6 PUFA
and n-9 MUFA diets (Table 3.16). With regards to the MON count, a significant

interaction with diet and feeding intensity was found. Increasing feeding intensity
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increased the MON count in the n-3 PUFA diet, but decreased the count in the n-6 PUFA
diet, and no effect was observed in the n-9 MUFA diet (Table 3.20). There were no
effects on GRA number (2.5 £0.1 10°/mm?).

46



47

‘awnjoA jo7a3ed

ueatl = A JN $uUnos 1919je[d = 114 ‘Honnquusip [[99 poo[q pal = M@ ‘Uonenuasuos urqojdouraey Jenosndiod ueowr = HHOIN ‘urqo[Sowsey
Iepnosndiod ueswr = HOIA ‘SWNoA-Je[nosndIod ueall = ADA “HI00jewoey = DY ‘uiqojSowory = gOH 9unod [[99 pooiq pal = Hgy

SIL0 Sy o 1421 19L°0 ££6°0 $v8°0 £16°0 6590 6950 [443°1A+X3G 4158
See0 98¢0 6560 7660 65C0 81C0 LST0 801°0 80 JEERLHEFREN)
£96°0 65L°0 6v0°0 8260 9080 66L°0 wio ¢e1o LIE0 1443915358
0020 6£9°0 8100 £8¢°0 w60 S19°0 ¢i80 80 $e8°0 144391
11¢°0 6150 §50°0 9LE0 Sv6°0 8890 9L0°0 610°0 6£0°0 Id+X3S 4158
1$6°0 6£C0 9¢e0 691°0 1¢1°0 89C°0 Ivy0 S¥1°0 LLEO [44X3§
198°0 L8Y0 8E8'0 181°0 6L8°0 $29°0 6190 88L°0 9560 [ds358q
1€1°0 99¢°0 o0 6v0°0 162°0 §SL0 L96°0 90¢°0 0980 1L
60 tr6'0 SS1°0 165°0 L9¢0 L8Y0 911°0 124%4 120°0 BIA X3S 4158
9Tv'0 sL0 09¢°0 c0e0 6550 £97°0 9980 (4R 810 WIxX3S
9¢9°0 9L¥°0 806°0 €290 0L6'0 6580 LTT0 9LT0 1,20 1LIdISe]
100°0> 100°0> 961°0 6£0°0 L6T0 1060 $T8'0 ¢L10 £66°0 rd
020 8¢C0 9¢1°0 9070 12940 ¥80 cov'0 $60°0 Y0 X3S «Ise]
LTY'0 ¥90°0 6670 LLYO L60°0 re0'0 1 X440 ¥61°0 2900 Xo§
200°0 100°0> 100°0> L70°0 610°0 100°0 100°0> 100°0 89¢°0 1584
AdIN L1d MA@ OHOW HOW ADIN 1OH g4DH ody 109

"PApPIOq 2JB SUONIIRISIUL
PUe S}09]J9 Urew JUeOIJIUSIS JOPIO 1SOYTIH 'sesuodsal [eo130[0JeWILY IO SUOIIORINUI PUB S109JJ0 UTBW Y} JO SonjeA-J B ZI°€ d[qe L



48

"JUNOY NAO[NUEIS = # YYD UN0o 9)A00UOW = #
NOW ‘1unod 3)400qdwiA] = # AT ‘% a1400[nueid = o, VIO (%, 91K00u0U = %, NOJA ‘% 21400ydwi&] = 04 AT ‘IUN0d [[39 POO[q AYM = IFM

0¢1°0 §90°0 L69°0 6¢1°0 00€0 SST°0 SY0°0 [d:391(0 £ X3S 4158
12340 8800 €L9°0 00 0€0°0 0£0°0 ¥S0°0 [443°1d X3S
¥6L°0 L95°0 ¥85°0 £99°0 9280 £L9°0 £9¢°0 [4:391d %1584
89¢€°0 900°0 ¥99°0 60t°0 6CC0 80 $66°0 1441910
850°0 6£8°0 981°0 €es0 9¢0'0 vL9°0 66¢°0 [d4X3S 4158
LOLO ¥1€°0 8960 8¢L0 1660 8¢L0 YLLO JERRCIN
090 L60°0 8960 7500 0r0°0 8900 6vL0 188
§TT0 650 LEOO SLOO 4%\ €L0°0 100°0> IE
°Es0 1294Y LERO LTS0 [47A\ ¥Zs o 96t°0 I« X0S £158]
890°0 8650 €ero 006°0 yeeo ££6’0 6590 WIQ X3S
L60°0 evL'0 080°0 £ero LSE0 0s1°0 990°0 PRI ISES
¢EL0 6£0°0 910°0 €100 LYo S00°0 ¥20°0 1d
188°0 070 1L8°0 £98°0 201°0 L1L0 26’0 XoS18ed
$81°0 §9¢°0 12y 0 6€1°0 8¥0°0 eIco 1224\ XoS
L96°0 <000 LS00 100°0> 100°0> 100°0> 1200 1584
#VdD # NOW # WA % ViaD % NOW % WA oM WP

"PIPIOQ 1B SUOT)ORIUL
pue $109]J9 UTew JuUBdYIUSIS J9pI0 15oySiY ‘sosuodsal [eo130[0jeUIdRY JOF SUOIOBIOIUI PUE S}O9JJS UTBUI Y} JO SAN[BA-J *q T [°€ dIqBL



Table 3.13. Effect of diet, sex and fasting on red blood cell (RBC) count.

RBC, 10%/mm’ Non-Fasted Fasted
n-3 PUFA Male 9.94 +0.20% 10.00 £0.20*
Female 9.24 +0.20" 9.38 +0.20%¢
n-6 PUFA Male 9.73 +0.20"® 10.08 +0.20*
Female 9.69 +£0.20%8" 9.12 £0.20°
n-9 MUFA Male 9.72 £0.2048 9.78 +0.20%8
Female 9.28 +0.20%" 9.81 +£0.20%8

A€ Values differ within in response columns (P <0.05).
" Values differ between non-fasted and fasted mink (P <0.05).

Lsmean + SEM are presented.

Table 3.14. Effect of feeding intensity, sex, and fasting on red blood cell (RBC) count

and haemoglobin (HGB).
RBC, 10/mm’ HGB, g/dL
Non-Fasted Fasted " Non-Fasted Fasted
80% Male 9.92 +0.18% 9.86 +0.18"P ~ 18.8+403 19.3 £0.3%
RDA  Female 9.30 +0.18"° 9.54 +0.185¢ 18.5 +£0.3" 19.3 +0.3®
120%  Male 9.67 £0.18%B 10.04 +0.18* 18.8 £0.3" 20.2 £0.3*
RDA  Female 9.51 +0.18 9.33 +0.18° 18.8 40.3 18.8 +£0.3®

A€ Values differ within response columns (P <0.05).
" Values differ between non-fasted and fasted mink (P <0.05).

Lsmean + SEM are presented.

Table 3.15. Effect of fasting on haematological responses. Responses shown are
haemoatocrit (HCT), mean corpuscular volume (MCV), mean corpuscular haemoglobin
concentration (MCHC), platelets (PLT), mean platelet volume (MPV) lymphocyte

(LYM) and granulocytet (GRA).

Non-Fasted Fasted
HCT, % 59.1 +£0.6° 61.8 +0.6"
MCV, um® 61.6 £0.58 63.9 +0.5*
MCH, pg 19.6 £0.2° 20.0 +0.2*
MCHC, g/dL 31.7+0.1% 31.4 +0.1°
PLT, 10°/mm’ 633 +15* 446 +15°
MPV, um® 10.5 £0.34 9.9 +0.3B
LYM, % 32.9+1.3% 25.8 +1.28
GRA, % 61.6+1.3° 69.7 +1.24

AB Values differ within responses (P <0.05).

Lsmean + SEM are presented.
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Table 3.18. Effect of fasting, diet, feeding intensity and sex on white blood cell count

(WBC) count.
WBC, Non-Fasted Fasted
10°*/mm’®
n-3 PUFA 80%RDA  Male 4.2 +0.85¢ 5.2 +0.8%P
Female 3.7 £0.8¢ 5.0 £0.8%P
120% RDA  Male 6.2 £0.8%8 6.7 £0.8%
Female 6.3 +0.8"P 5.6 £0.8"P
n-6 PUFA  80%RDA  Male 4.9 +0.8"8 3.3 +0.85P
Female 4.0 £0.85¢ 2.240.8°
120% RDA  Male 4.8 +0.85¢ 4.9 +0.845¢
Female 6.3 £0.85¢ 5.0 £0.88
n-9 MUFA 80%RDA  Male 3.3+0.8° 3.3 +0.850
Female 4.6 +0.8°%C 2.540.8P
120% RDA  Male 7.9 £0.8*" 4.3 +0.8"8CP
Female 3.7 +0.8°

4.3 +0.84BCP

AD yalues differ within response columns (P <0.05).

" Values differ between non-fasted and fasted mink (P <0.05).

Lsmean = SEM are presented.
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3.3.5 Clinical Chemistry

The p-values for the main effects and interactions of the clinical chemistry
responses are shown in Table 3.22. Fasting and feeding intensity had a significant effect
on blood glucose levels at sampling, with the NF mink having higher levels than the F
mink (Table 3.23). Within the F mink, the animals fed at 120% RDA had higher levels
than those fed at 80% RDA.

Fasting significantly increased plasma alanine transaminase (ALT) levels (Table
3.24). An interaction between fasting and feeding intensity was observed for plasma
alkaline phosphatase (AKPH) levels where the F mink fed at 80% RDA had the highest
values, followed by the NF mink at both feeding intensity. The lowest AKPH levels were
seen in the fasted mink fed at 120% RDA.

Total protein levels within the blood were influenced by diet, fasting and sex, and
fasting and feeding intensity interactions. Within the dietary treatments, the highest levels
were recorded for the mink fed the n-9 MUFA diet and no differences between either the
n-3 or n-6 PUFA diets (Table 3.25). Higher protein levels were observed in the NF
females, compared to the fasted females, whereas no differences were present between
the males (Table 3.26). The NF mink fed at 120% feeding intensity had higher protein
levels in the plasma compared to the F mink fed at the same feeding intensity, while no
differences between the 80% RDA and fasting were detected (Table 3.23). Differences
were also observed within the two components that make up total plasma protein.
Albumin was found to be affected by diet, with the mink fed the n-3 PUFA diet having
lower levels compared to the n-6 PUFA and n-9 MUFA diets (Table 3.25). Globulin was
affected by the fasting and feeding intensity interaction, with the F mink fed at 120%
RDA having lower globulin levels than the NF mink or F mink fed at 80% RDA. The
albumin: globulin ratio was also increased as a result of fasting (Table 3.24).

Plasma urea values responded to the fasting and feeding intensity, with the
highest levels being observed in the NF mink fed at 120% RDA and the lowest in the F
mink fed at 120% RDA (Table 3.23). No effect of fasting was observed on the mink fed
at 80% RDA. Significant differences in plasma uric acid were observed due to the

fasting, sex, diet and feeding intensity interaction. No difference was observed within the
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NF mink, however, within the F mink, the females fed the n-3 PUFA diet at 120% RDA
had higher uric acid levels than the females fed the n-6 PUFA diet at 80% RDA or the n-
9 MUFA diet at 120% RDA (Table 3.27). Fasting resulted in a decrease in uric acid
levels for the male mink fed the n-3 PUFA diet at 120% RDA and the female mink fed
the n-6 PUFA diet at 120% RDA. No differences were observed for plasma NHj levels
(645 =1 mmol/L).

Plasma creatinine levels in the NF mink were found to be the highest in the
female n-6 PUFA fed at 120% which differed from the female mink fed the n-9 MUFA
diet at both feeding intensitics (Table 3.27). In the F animals, differences were found in
the female mink with those fed the n-3 PUFA diet at 80% RDA having higher levels than
the females fed any of the diets at 120% RDA. Creatine kinase levels increased as a result
of fasting from 167 £25 U/L in the NF mink to 297 +25 U/L in the F mink. A féeding
intensity effect on total antioxidant score was found with higher levels in the mink fed at
120% RDA (1.51 +£0.02 mmol/L) compared to the mink fed at 80% RDA (1.46 +0.02
mmol/L).

LDL was found to respond to fasting and feeding intensity. In the NF animals,
mink fed at 120% RDA had higher LDL levels than the mink fed at 80% RDA (Table
3.23). However, this effect was lost in the F mink, but who had lower LDL levels than
the NF mink. Fasting also led to a decrease in the HDL levels (3.64 £0.08 vs. 3.32 .
40.08). Furthermore, feeding intensity had an effect on HDL levels, with a decreased
HDL levels when feeding the mink at 120% RDA compared to 80% RDA (3.643 +£0.08
vs. 3.29 +£0.08). Both LDL and HDL showed a significant sex and diet interaction. For
LDL, the n-9 MUFA diet males had higher levels than the females while no sex
differences were observed in the other diets (Table 3.28). With regards to HDL, the
females had lower values only when fed the n-3 or n-6 PUFA diets compared to the
males. In addition, in the female mink the highest HDL levels were seen in the n-6 PUFA
diets, while in the male mink the highest levels were observed in the n-9 MUFA diets and
the lowest in the n-3 PUFA diets. Differences in HDL levels were also detected between
diets and feeding intensities, with the mink fed the n-6 PUFA diet at 80% having higher
HDL levels than all other groups (Table 3.29).
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A significant interaction response to the fasting, diet and feeding was observed
with plasma NEFA and TAG levels. NEFA levels tended to increase as a result of
fasting, with the exception of the n-3 PUFA mink fed at 120% RDA. The highest NEFA
levels were found in the fasted mink fed the n-6 PUFA diet at 120% RDA and n-9 PUFA
diet at 80% RDA (Table 3.30). Within the non-fasted mink, diet and feeding intensity did
not result in differences in NEFA levels. TAG levels also tended to increase as a result of
fasting in the diet and feeding intensity, with the exception of the n-6 PUFA diet fed at
120% which showed no significant difference between the F and NF mink. A sex effect
was also observed for TAG with the males having lower levels than the females (0.94

+0.04 vs. 1.13 £0.04).
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Table 3.23. Effect of fasting and feeding intensity on plasma glucose, urea, alkaline
phosphatase (AKPH), total protein, globulin and LDL.

Non-Fasted Fasted

80%RDA  120% RDA 80 % RDA  120% RDA
Glucose, mmol/L 8.3+0.3* 8.5+0.3% 6.5 +0.3C 7.6 £0.3°
Urea, mmol/L 4.1 +0.38 5.0+03% 4.4 +0.38 3.1 0. 3¢
AKPH, U/L 22 438 21 +38 29 +34 17 3¢
Total Protein, g/L 57 148 58 +1* 57 +148 56 +1B
Globulin, g/L 29 +14 29 +1* 28 £14 26 +1°
LDL, mmol/L 0.58 £0.03*  0.41 £0.03® 0.28 +0.03°  0.26 £0.03

ABL Values differ within responses (P <0.05).
Lsmean + SEM are presented.

Table 3.24. Effect of fasting on alanine transaminase (ALT), albumin: globulin (A:G),
and HDL.

Non-Fasted Fasted
ALT, UL 139 +228 299 £22°
A:G 1.00 £0.028 1.09 £0.024
HDL, mmol/L 3.29 +0.08"® 3.64 +0.08*

A8 Values differ within responses (P <0.05).
Lsmean + SEM are presented.

Table 3.25. Effect of diet on total plasma protein and albumin.

n-3 PUFA n-6 PUFA n-9 MUFA
Total Protein, g/L 56 +1° 57 £1P 58 £1*
Albumin, g/L 28 +0.48 29 +0.4% 30 +0.4*

AB Values differ within responses (P <0.05).
Lsmean = SEM are presented.

Table 3.26. Effect of fasting and sex on total plasma protein.

Male Female
Non-Fasted 57 £14B 58 +£14
Fasted 58 +£148 56 +1°

AB Values are differ within responses (P <0.05).
Lsmean = SEM are presented.

58



59

pAjuRsaId are INHS F uBdws |
(S0°0> d) sesuodsar UIIM ISIP SANTEA ..,

gtU0FBSE  EI0FI0T gt l'0F ISE ~ETOFSYE  EIO0FLTE  EI0FL6T  1/I0W “IAH
d00FPE0 g P00F 60 o PO0F VPO JOOFVP0 o WO0FPEQ o b00FSE0 /oW “IAT
VAN 6°U vdaNd 9-u vdNd €U VAN 6-U vdnd 9-u Vd(d €U
Srewa,] yreIN
"S[OA9] T(H pue T1 ewserd uo 191p pue xas JO 19914 ‘8T°€ dde L
‘pjuasald are NHS F UBaWS|
"(S0°0> d) NuI pajsey pue PA)Sej-UoU UdIMIQ JSJJIP SOnfeA
(S0°0> d) JOIIP suwn[oo asuodsal uIygim sanjeA Sy
a7 6LF €191 gV’ 6LF €PCI 96’ C1F LS89 96°CIFSO'PL S LR |
ayV OLF V'ETE av? 6LF 8'691 av90'€1F 8+°08 96°¢1¥ 80°06 MIN VA %0T1
avV OLF L'EEE g’ 6LF TECl avd0 EIF €C716 96°C1F 0698 dlewd
av? 6LF TH9T avV OLF T'SST 26’ C1F €0°S9 96°¢1F¥09'9L MeN Vad %08 Vd4NWeu
aV 6LF £°L0T vWOLF S'LYE g96°€1F 0+°09 D6 E1F E9°Ell IlewIa]
ayV 6LF §0SC avV 6LF L'8¢E1 av96° €1F 00°T6 96°€1F €788 PN VA %0CI1
avV 6LF L'T9T avV 6LF € EV1 g96'EIF 0£°89 96 €1F 05°6L L
ayV 6LF CTILE av? OLF S L61 a6 €E1F 00°C6 96°¢1F 8S 101 e\ Vad %08  vANd 9-¥
oV’ 6LF L'8TT ay? OLF TPEL vI6 ETIF LEBO] 96°C1F L8'T8 S[etiayq
avV 6LF 8'PTE av? OLF L'EET gI6°EIF CE'SS D6 E1F €E°66 MIN VAT %071
vWOLF T8SY vy OLF 0°EST a0 EIF LY SL 96°¢1+ 09°501 Ilew
vV 6LF 0°CLE avV 6LF 8'8L1 a6 €1F 01°C8 96°CIF SYvL lEN VAd %08 vdNd U
paiseq paiseJ-uoN paise] pa1se,{-uoN

/10w ‘aurunear)

/10w ‘proe oun

"S[9AS] SUTUNEaID puE proe oun ewise[d uo Sunse] pue ‘xos ‘A)suoiul SUIPasy Ja1p JO 1091 *LT°€ dqeL



60

‘paussald e NHS F UBSWS

"(S0°0> d) urw pajsej pue Pajsej-uou usamiaq JJIp SAN[EA

"(S0°0> ) SeSUOdSaI UIYIIM ISJJIP SAN[BA .

avb0'0F ST'1 a0 0F S8°0 a7 T0FOT'T FUOFLSO  VAA%OTL oo oy
b0 0F 111 La00'0F 9L°0 W10 €91 FI0F 090 VA %08

g60'0F 20'1 v60°0F 90°1 avP'0F TS JUOFOV0  VAA%OTL ooy
avb00F ST'I L.a000F 2L SPT0F 96°0 FLUOFHH0 V@I %08

V600F €1 a0 0F 68°0 SPT0F $6°0 v1°0F 850 V@ %0CL ey
V60'0F 1€°1 Lav00 0F ¥6°0 AP T 0F TE'T FT0F 050 Vad %08

paiseyq paise J-uoN paiseq paiseJ-uoN
J/10WW ‘DY L, /10w VAN

VAT %01 PUe %08 e S191p

[eIuowLIdd X9 PaJ JUIW Palse]-uou pue paise] oYU} JO S[OAJ] (DV L) [0109413[Ade1n pue (W IAN) P1oe A1e} PoIJII9)sa-UON *0€°€ dqe L

‘payuasald a1e NHS F UBSWS T

"(S0°0> ) SeSuodsal UIIM IIJIP SaNJeA ..,

LLOFISE CLOFTTE GCLOFETE V@ %071
GCUOFTS'E JLT0F S0P (LLOFSEE VA %08
VAN 61 vdINd 9U vdNd €U /0w “JqH

"S[OAS] T(QH ewise[d uo 191p pue Ajsusiul SUIpasy Jo 1001 *67°€ A1qBL



3.3.6 Endocrinology

The p-values of the main effects and interactions for endocrinology responses are
shown in Table 3.31. Insulin was significantly affected by fasting, sex, and feeding
intensity. The males had lower insulin levels than the females (4.32 £0.35 pU/mL vs.
5.98 £0.35 pU/mL), while the mink fed at 120% RDA had higher insulin levels
compared to the mink fed at 80% RDA (5.67 £0.36 pU/mL vs. 4.63 £0.36 uU/mL). In
addition fasting decreased insulin levels compared to the non-fasted mink (4.34 +0.36
pU/mL vs. 5.95 +0.36 pU/mL). HOMA also showed a significant difference with fasting
resulting in a decrease in the ratio (NF: 2.20 £0.13 vs. F: 1.33 £0.13). Glucagon did not
show any significant main effects or interactions with a mean of 35.29 £1.21 pg/mL.

Plasma leptin showed difference with regards to feeding intensity and fasting,
where lower leptin levels were observed in the F mink and within the NF mink the
highest concentrations were observed at the 120% RDA (Table 3.32). Cortisol levels
increased with feeding at 120% RDA (80% RDA: 37.04 £7.16 nmol/L vs. 120% RDA:
62.87 £7.16 nmol/L).

The thyroid hormones responded differently to sex, diet, feeding intensity, and
fasting treatments. The T3 levels were the lowest in the male mink fed at 80% RDA, and
the highest in the female mink fed the n-3 PUFA diet at 120% RDA (Table 3.33).
Differences were observed between the sexes in the n-3 PUFA and n-9 MUFA diets fed
at 120% with higher levels in the female mink. T levels also increased as a result of
fasting in the male mink fed the n-3 and n-6 PUFA diets and the female mink fed the n-9
MUFA diet (Table 3.34). T4 levels increased with the higher feeding intensity for the n-3
PUFA diet, which was not observed in the other diets, and with the 120% RDA group,
the n-6 PUFA mink had lower T, levels than the mink fed the n-3 PUFA diet. Feeding
intensity and the fasting and diet interaction had a significant effect on the Tj: T4 ratio.
Increasing the feeding intensity resulted in an increase in the Ts: T4 ratio (80% RDA:
0.07 £0.004 vs. 120% RDA: 0.09 +0.004). With regards to fasting, diet affected the Ts:
T4 response with an increase as a result of fasting in both the n-3 PUFA and n-9 MUFA
diets but not the n-6 PUFA diet. Within the NF mink, those fed the n-6 PUFA diet had a
higher T;: T4 ratio than the animals fed the n-3 PUFA and n-9 MUFA diet (Table 3.35).
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Table 3.31. P-values of the main effects and interactions for the endocrinology
responses. Highest order significant main effects and interactions are bolded.

Effect Leptin Cortisol Glucagon T, T, Insulin HOMA T;:T,
Fast <0.001 0.108 0.056 <0.001 <0.001 0.003 <0.001 0.060
Sex 0.055 0.275 0.436 0.045 0746 0030 0098 0.117
Fast*Sex 0.430 0.552 0.834 0.806 0369 0.196 0215 0.157
Diet 0.111 0.605 0.753 0.821 0.678 0703 0354 0.590
Fast*Diet 0.625 0.389 0.351 0.009 0.077 0300 0729 0.034
Sex*Diet 0.420  0.245 0.760 0.477 0814 0.551 0.667 0.991
Fast*Sex*Diet 0.265 0.707 0.677 0.029 0604 0576 0356 0.506
FI <0.001 0.013 0.088 <0.001 0996 0.044 0.138  0.001
Fast*FI 0.001 0.856 0.248 0.847 0.108 0.243 0.051 0.130
Sex*FI 0.669 0.348 0.850 0.289 0384 0.159 0301 0468
Fast*Sex*FI 0.244 0.991 0.544 0.387 0.143 0513 0928 0.131
Diet*FI 0.333 0.376 0.842 0.318 0.021 0.603 0734 0.240
Fast*Diet*FI 0.951 0.209 0.826 0.399 0.141 0352 0439 0314
Sex*Diet*FI 0.801 0.955 0.168 0.009 0.233 0554 0411 00916

Fast*Sex*Diet*FI  0.266  0.276 0.328 0334 0.653 0.232 0.739 0970

HOMA = the homeostatic model assessment

Table 3.32. Plasma leptin levels of fasted and non-fasted mink fed at 80% RDA and
120% RDA.

Leptin, ng/mL 80 % RDA 120% RDA

Non-Fasted 1.91 £0.19%  3.41 +0.19%
Fasted 1.25+0.19°  1.36 £0.19°

A8 values differ within responses (P <0.05).
Lsmean + SEM are presented.
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Table 3.35. Effect of fasting and diet on T5:T4 ratio.

Ts:Ty n-3 PUFA n-6 PUFA n-9 MUFA
Non-Fasted  0.063 +£0.007° 0.087 +0.007* 0.068 +0.006°¢
Fasted 0.086 £0.006*  0.077 £0.007%¢  0.089 +0.008*

A€ Values differ within responses (P <0.05).
Lsmean + SEM are presented.

3.3.7 Liver Evaluation

The p-values for the main effects and interactions for the liver responses are
shown in Table 3.36. Liver weight in the mink was affected by sex, with heavier livers
found in the males than the females (Table 3.37, Table 3.38). No differences in liver
weights were observed in the female mink with regards to fasting and diet. However, in
the male mink the heaviest livers were found in the NF n-3 PUFA fed group, which
differed from all other groups except the F n-9 MUFA fed males. The higher feeding
intensity led to increased liver weight in both male and female mink. The effect of
feeding intensity on liver weight was also observed in the n-3 and n-6 PUFA fed mink
which had heavier livers, however this was not observed in the n-9 MUFA fed mink
(Table 3.39).

The HSI showed significant differences due to sex, fasting, and diet and feeding
intensity. The female mink had a higher HSI than the male mink (female: 2.76 +0.06 vs.
male: 2.38 £0.06). Fasting increased HSI from 2.37 £0.08 in the NF mink to 2.77 £0.06
in the F mink. The mink fed the n-3 PUFA diet at 80% had the highest HSI, which was
not significantly different than the n-6 PUFA diet at 120% RDA and the n-9 MUFA diet
at both RDA.

The liver weight: BMI ratio (L: BMI) could be another way to express the
relationship between liver to weight and body size. Unlike HSI, The female mink had
lower L: BMI ratio compared to the male mink (male: 2.23 £0.03 vs. female: 1.64 £0.03).
The L: BMI also showed a difference to the fasting and feeding intensity, with an
increase in the ratio with fasting in the mink fed at 120% RDA, while the ratio was not
affected in the mink fed at 80% RDA (Table 3.40). In the NF group, the mink fed at 80%
RDA a higher L: BMI ratio than the 120% RDA group, with the opposite being true in
the F group. The n-6 PUFA diet resulted in an increased L: BMI when the mink were fed
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at the 120% RDA levels compared to the 80% RDA level, which was not observed in
either of the n-3 or n-6 PUFA diets.

Significant differences in liver lipid levels were observed in the fasting and
feeding intensity, and the diet and feeding intensity interactions. It was found that fasting
resulted in increased liver lipid levels in the mink, with the increase being the most severe
in the mink fed at 120% RDA (Figure 3.5). The highest liver lipid levels were found in
the mink fed the n-6 PUFA and n-9 MUFA diets at the 120% RDA level. The lowest
were found in the mink fed the n-6 PUFA diet at 80% RDA, which did not differ from
the n-3 PUFA diet fed at either the 80% or 120% RDA level (Figure 3.6). Changes in the
liver lipid levels (%) were also reflected in the total amount of lipid present in the livers.
A sex effect was also observed for total amount of liver lipid, with the male mink having
higher total liver lipid than the females (5.81 £0.36 g vs. 3.79 +0.36 g). Non-fasted mink
with a BCS of 2 or 3 were found to have a liver lipid level of 6.0 £0.3 %. Mink with
histologically normal livers, with no macrovesicular and microvesicular steatosis, had
liver lipid levels of 6.6 £0.6 %.

The liver DM levels showed a difference due to fasting, with increasing % DM as
a result of fasting and were similar to the results observed for liver lipid %. Within the
fasted mink, the DM levels were the highest in the n-6 PUFA mink fed at 120% RDA,
and the lowest in the n-6 PUFA mink fed at 80% (Table 3.41). A regression equation was
generated for predicting liver lipid levels from % liver DM with the equation:
lipid % = 1.02DM % - 27.2 (P <0.001; R*= 89.7%) (Figure 3.7).

Histological evaluation of hepatic lipidosis showed no significant differences
between macrovesicular steatosis scores (0.72 +£0.09). For microvesicular steatosis an
interaction for sex, diet and feeding intensity was observed, where within the n-9 MUFA
mink fed at 120% RDA the female mink had a higher microvesicular steatosis score than
the males (Table 3.42). As well the female mink fed the n-9 MUFA diet at 120% RDA
had a higher microvesicular score than all the other female mink. The lipid accumulation
of the liver sections showed steatosis in the periportal regions and progressing towards
the central vein with increasing severity of the lipid accumulation. When macrovesicular
steatosis was present, it was located 64% (24/37) of the time in the periportal region, and

was present panacinarly 35% (13/37) of the time. For microvesicular steatosis, it was
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observed to occur 50% (17/34) in the periportal region, 47% (16/34) with a panacinar

distribution, and 3% following an azonal distribution (1/34).
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Figure 3.5. Liver lipid content of the fasted and non-fasted mink fed at 80% and 120%
RDA. Fast*FI P = 0.020. *° Values differ (P <0.05). Lsmean + SEM are
presented.
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Figure 3.6. Liver lipid content of mink fed experimental diets at 80% and 120% RDA.
Diet*FI P = 0.031. ** Values differ (P <0.05). Lsmean + SEM are presented.

70



40 -

30 -

Liver Lipid, %
N
[en]

10 4

0 1 T T T 1
20 30 40 50 60 70

Liver DM, %

Figure 3.7. Relationship between the liver dry matter (DM) content and the liver lipid
content. Regression equation (Liver lipid, % = 1.02Liver DM -27.2; R’= 89.7,
p-value < 0.001).

3.4 Discussion

The development of fatty liver and related diseases in mink, cats, and humans is
thought to be influenced by dietary history either through inadequate diet composition or
obesity (Hunter and Barker 1996; Rouvinen-Watt 2003; Adams et al. 2005; Allard et al.
2008; Armstrong and Blanchard 2009). Dietary modifications or long term gradual
weighf loss have been shown to be effective methods to improve liver health and
decrease lipid content (Dixon et al. 2004; Alwayn et al. 2005). This study examined the

effects of prior feeding history on the development of fasting-induced fatty liver in order
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to determine the effects of fatty acid nutrition and feeding intensity on the overall health

of the mink and particularly the health of the liver.

3.4.1 Body Weight and Condition

Feeding the experimental diets at 80% RDA decreased body weight and condition
throughout the feeding trial portion of the study resulting in lean mink. There was not as
dramatic an increase in the body condition of the animals fed above the recommended
RDA. Feeding at 120% RDA did increase body weight in male mink, but no significant
weight gain was observed in female mink. Regardless of sex, a subtle increase in BCS
was observed during the feeding trial with the increased feeding intensity. Differences in
autumnal fattening in mink are known to be differ by sex. Female mink reach maximum
body weight between November and December, earlier than males, which occurs during
December to January (Korhonen and Niemeld 1997, 1998). The time frame of this study
could have resulted in the female mink reaching maximum body weight during the mid-
point of the feeding trial, while the males could potentially have reached their maximum
body weight during the final two weeks of the study. Differences in the energy
requirements between males and females may explain the differences in weight gain in
mink fed at 120% RDA. Being smaller, female mink have a higher surface area-to-

“volume ratio than males and this would result in increased heat loss in relation to body
weight (Korhonen and Niemeld 1998; Thom et al. 2004). This would be intensified
during the onset of winter weather, which occurred during the latter part of the study.
Having smaller stomachs, female mink could be limited in feed intake as well (Korhonen
and Niemeld 1998). Thus, females would have a lower energy surplus for fat deposition
in comparison to males, and as such may reach their maximum weight before males.

It should also be noted that the feed intake of mink fed at 120% RDA was actually
closer to the estimated energy requirement or 100% RDA. Mink housed individually
during the growing-furring period ate and weighed less than mink housed in male-female
pairs (Korhonen and Niemeld 1997). Having the mink housed individually in this study,
in order to control their feed consumption, may have limited their potential weight gain

compared to if they had been housed in pairs as standard practice. A diet effect was noted
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in the DM intake per day, but this could be a result of subtle difference in body weight, as
it was not reflected in the estimated RDA which was adjusted to the individual mink’s
body weight. This is supported by the final body weight of NF male mink fed the n-3
PUFA diet being significantly larger than the other groups.

For the F mink, both sexes lost weight and body condition during the period from
moving into the quarantine shed to the 24 hour fasting mark, and after 5 days of fasting.
The mink fed at 80% RDA remained lighter than the mink fed at 120% RDA throughout
the fasting period, with comparable weight losses between the feeding intensities.
Although the weight losses may be similar, decreases in the BCS as a result of fasting
were only observed in the mink fed at 80% RDA. However, when compared to the NF
mink, all F mink had lowered BCS.

3.4.2 Liver Health

In the diagnosis of fatty liver, a threshold of 5% liver TAGs is used in humans
and cats (Pazak et al. 1998; Brunt et al. 1999). This level is likely applicable to mink,
however the use of TAG in defining fatty liver limits the interpretation of this study and
others investigating the development of fatty liver in mink (Clausen and Sandbel 2005,
2006) since the liver lipid level corresponding to 5% TAG has not been determined. It
would be beneficial to develop a regression model for the purposes of being able to
determine the critical liver lipid threshold. Examining the results of other studies, that
measured both hepatic total lipid and TAG content, suggests that the threshold for liver
lipid content for fatty liver in mink is between 9 to 12% (Kékeli et al. 2001; Rouvinen-
Watt et al. 2010). This relates well to normal liver lipid content of mink which can range
from 2 to 9.4% (Kannan et al. 2002; Clausen and Sandbel 2005; Mitchell and Rouvinen-
Watt 2008). In the current study the mink with histologically normal livers had a liver
lipid content of 6.6% and the non-fasted mink in ideal body condition had a liver lipid
content of 6.0%.

The role of fasting in the development of fatty liver in mink had been shown
previously (Bjornvad et al. 2004; Clausen and Sandbel 2005; Mustonen et al. 2005a;
Rouvinen-Watt et al. 2010). In this study, dietary history was found to influence the
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development of fatty liver in the mink. Both the F mink fed at 80% and 120% showed
drastically elevated liver lipid contents. The role of feeding intensity and obesity in mink
have been proposed as causative factors, as fatty liver is commonly found in obese mink
(Hunter 1996; Koskinen and Lassén 2006) and higher liver lipid levels have been
observed in overweight male mink (Clausen and Sandbel 2006).

An effect of diet and feeding intensity also showed that the mink fed the n-6
PUFA or n-9 MUFA diets at 120% RDA had the highest liver lipid levels. This is in
disagreement with the results of a previous study by Kikeld et al. (2001), where mink fed
capelin oil had the highest liver lipid levels, compared to a variety of fat sources
including soybean oil. Although none of the mink in that study had liver TAG above 5%.
Studies have shown that the supplementation of the n-3 PUFAs, particularly the
LCPUFAs EPA and DHA, helps in the treatment of NAFLD observed through decreased
hepatic steatosis, decreased plasma transaminases and normalization of ultrasonographic
evidence of fatty liver (Hatzitolios et al. 2004; Capanni et al. 2006; Zhu et al. 2008).

Differences in liver lipid content were also reflected in liver DM among the
dietary and feeding intensity treatments in the F mink. However, the interaction of
feeding intensity and fasting on liver lipid level was not observed in DM. A regression
model has been used by Clausen and Sandbgl (2004) for the estimation of liver lipid from
DM. This study does support the use of a regression model in the estimation of liver lipid
content. Yet, in light of the discrepancy in interaction effects, caution may be needed for
detecting subtle differences in liver lipid levels between treatments in studies such as this.

Liver weight reflected the known sexual dimorphism seen in mink (Thom et al.
2004). Mink fed at 80% RDA had smaller livers, and this was true within the sexes and
fasting treatments. Fasting the mink did result in an increase in liver weight, presumably
caused by the accumulation of lipids. The total liver lipid content reflected the relative
liver lipid levels, and the subtle differences among treatment groups could in turn reflect
differences in liver weights related to body size.

HSI is a ratio that is used to relate the size of the liver to the weight of the body.
In this study HSI increased in the fasted animals, indicating that lipid accumulation
increased the size of the liver in relation to body size. A study by Rouvinen-Watt et al.

(2010) found that HSI increased with increasing lipid accumulation in the liver with
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fasting. However, limitations to the use of HSI are noted in this study. Mink fed the n-3
PUFA diet at 80% RDA had the highest HSI ratio, which was not different from the mink
fed the n-6 PUFA diet at 120% RDA and the n-9 MUFA diets at both RDAs, the groups
with the highest liver lipid levels. The difference in results between the liver lipid content
and HSI could be a result of large differences in body fat reserves, which would also
affect the HSI ratio. Higher HSI ratios in mink with lean body conditions compared to
overweight have been reported before, showing opposite trends to liver fat content
(Clausen and Sandbal 2006). Therefore, the use of HSI in evaluating liver health should
be considered carefully, and this index should not be used as the sole indicator of liver
health in mink.

Histological evaluation of the livers showed significant differences in the degree
of micrdvesicular steatosis, but not macrovesicular steatosis. The score for microvescular
steatosis was found to be the highest for female mink fed the n-9 MUFA diet at 120%
RDA at 1.83. The mink fed the n-9 MUFA diet at 120% RDA did have high liver lipid
levels. However, the pattern for higher or lower liver lipid levels and the corresponding
changes in microvesicular steatosis score was not observed for all treatments. Both
macrovesicular and microvesicular steatosis were observed more often in severely fatty
livers in this study. The addition of a combined score could reflect the changes observed
in liver lipid levels. Limitations in the histological evaluation may also be due to the
disadvantages of nonparametric statistics in the analysis of factorial designs. Currently
there are few options for the analysis of ordinal data, such as the grading system used
here, in factorial designs; none of which are ideal (Shah and Madden 2004). Complex
experimental designs, such as the one used in this study, would benefit from the use of
scoring systems that combine many features in the generation of the score, as this may
not require the use of nonparametric statistics in the analysis. The full method of
histological evaluation developed by the Nonalcoholic Steatohepatitis Clinical Research
Network generates a score out of 26 by assessing the degree of steatosis, fibrosis,
inflammation and liver cell injury (Kleiner et al. 2005). Using this method would allow
for a broader examination of the liver, and may allow for further comparison to human

NAFLD as demonstrated by Nieminen et al. (2009) for polecats.
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Cases of less severe steatosis were localized in the periportal region of the liver
lobule. With increasing lipid accumulation it appears as if the steatosis proceeds towards
the centrilobular area. This could be a key indication of the cause of the development of
steatosis in fasting-induced fatty liver. It has been shown that, under normal metabolic
conditions, fatty acid oxidation occurs in the periportal regions of the liver lobule
(Guzman et al. 1995; Jungermann and Kietsmann 2000; Braeuning et al. 2006). The
increased delivery of fatty acids to the liver may be taken up by the periportal
hepatocytes. If the fatty acid uptake by these hepatocytes exceeds the ability of the cell to
oxidize or secrete the excess, fatty acids may accumulate in the hepatocytes. There is
some flexibility in the liver, and fatty acid oxidation can expand and become panacinar,
but this does not appear to be true for fatty acid synthesis (Guzman et al. 1995). Changes
to the locatidn of the steatosis within the liver may reflect an increase in the liver’s efforts
to keep up with the lipolysis occurring. Periportal steatosis has alsb been observed in
ferrets with diabetes and rapid weight loss (Benoit-Biancamano et al. 2005).

Clinical chemistry indicators of liver dysfunction were observed with elevated
levels of ALT found with fasting and these levels exceeded the normal reference range
for mink (Hunter 1996). Increases in plasma ALT can indicate hepatocyte damage, and is
used as a plasma indicator for NAFLD in humans (Brunt 2004), and have been observed
in other fasting studies in mink (Mustonen et al. 2005a; Rouvinen-Watt et al. 2010).
Differences with AKPH were also observed but the levels were well within the normal
range of mink suggesting that there were no abnormalities within the bile ducts (Hunter

1996; Giannini et al. 2005).

3.4.3 Haematology

Haematological variables for red blood cells were within normal range for the
most part. Exceptions to this were increased HCT, MCV and MCH which were higher
than the reference ranges regardless of treatment (Hunter 1996; Berestov and Brandt
1989), but did compare to values obtained by Muise (2008) who used mink of similar
genetic background and management practices. Mustonen et al. (2005a) found that

fasting resulted in increased MCV after 5 days, and similar to this study all values were
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above reference range regardless of treatment. Without a decrease in RBC count,
determining the biological relevance of the increase MCV and MCH is difficult. WBC
and individual cell counts all fell within normal ranges (Hunter 1996; Berestov and
Brandt 1989). Diet did influence platelet profiles in the mink. Increasing dietary n-3
PUFA intake is known to decrease platelet count (Chang and Huang 1998) and has been
documented in mink before (Damgaard et al. 2000). These data are similar to those
observed in cats with hepatic lipidosis, where alterations to the blood cell count do not
have any prognostic value since cats typically do not show alterations in haematological
profiles (Armstrong and Blanchard 2009). Furthermore, in healthy obese cats fed diets
high in saturated fats or n-3 PUFAs undetectable differences in immune system were
observed when compared to lean cats fed the same diets (Jaso-Friedmann et al. 2008).
Thus, although fasting, feeding intensity and diet may influence the development of fatty
liver in the mink, like cats, they did not show strong haematological evidence of ill health

in this study.

3.4.3 Carbohydrate Metabolism

The mink maintained normoglycemia throughout the feeding trial, the blood
glucose concentrations remaining below 7 mmol/L mark considered to be the threshold
for hyperglycemia in mink (Hynes and Rouvinen-Watt 2007). The higher blood glucose
levels measured in September, at the start of the trial, may reflect handling stress from
relocation of the experimental animals. This differs from previous studies in mink where
high feeding intensities led to the development of hyperglycemia (Rouvinen-Watt et al.
2004). The development of hyperglycemia during fasting could not be deciphered as
handling stress and the use of ketamine during anesthesia prior to blood sampling can
increase blood glucose levels (Hsu and Hembrough 1982). Thus, the actual blood glucose
levels at sampling were not determined. It has been shown that mink can maintain
glucose levels during fasting (Mustonen et al. 2005a) with similar results observed in
polecats (Mustonen et al. 2009). This differs from mink nursing sickness and FHL. Mink
with nursing sickness are hyperglycemic (Wamberg et al. 1992), while in FHL transient
hyperglycemia can often be observed (Biourge et al. 1990). Hyperglycemia can also be
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seen during experimentally induced rapid weight loss in obese cats (Biourge et al. 1997).
It is possible that the limited length of the fasting period used in this study, like others,
does not have the same metabolic consequences as nursing or prolonged durations of
obesity. Nursing is metabolically demanding, and development of nursing sickness
typically occurs during the period of highest milk production (Clausen et al. 1992). While
in cats chronic obesity causes the development of impaired glucose metabolism (Biourge
et al. 1997). Thus, the duration of obesity or other metabolic stressors may be a factor in
terms of the development of metabolic dysfunctions and associated pathological
consequences, such as hyperglycaemia. Short term fasting, such as the duration used in
this study, may not be a strong enough stressor to cause this metabolic disruption. This is
supported by a 7-week severe weight loss period in obese cats, where glucose tolerance
worsened after weight loss (Biourge et al. 1997). This may reflect the cumulative effect

of metabolic stressors such as obesity and rapid weight loss.

3.4.5 Lipid Metabolism

Both plasma NEFA and TAG levels increased with fasting. For NEFA there were
no differences in the NF mink with regards to diet or feeding intensity. In the F mink,
NEFA levels tended to be the highest in the mink with the highest liver lipid levels, and
the lowest in the mink with the lowest liver lipid levels. The exceptions to this were the
mink fed the n-3 PUFA diet at 80% RDA. Previous studies have shown that NEFA levels
in mink increase after 7 days of fasting (Mustonen et al. 2005a). The development of
hepatic lipidosis in cats is associated with increased plasma NEFAs. Increased feeding
intensity, leading to increase in body condition, may increase the quantity of NEFAs
released into circulation (Jensen et al. 1989; Hoenig et al. 2007; Armstrong and
Blanchard 2009). Increased NEFAs observed in this study would be expected to result in
increased delivery of fatty acids to the liver which can cause lipid accumulation to occur
and could be amplified if the animal was obese.

It is interesting to note that the highest plasma TAG levels in the NF mink and the
lowest in the F mink were observed in the mink fed the n-6 PUFA diet at 120% RDA. A
high n-6: n-3 PUFA ratio is thought to decrease liver secretion of triglycerides (El-Badry
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et al. 2007). Thus, a decrease in liver secretion of lipids would explain the increased lipid
content in mink fed the n-6 PUFA diet at 120% RDA, while no significant increase in
TAG levels with fasting was observed in other groups in this study. These data are in
agreement with recent findings in another fasting study in mink (Rouvinen-Watt et al.
2010).

Differences in the cholesterol metabolism were found in both LDL and HDL in
this study. LDL was found to be lower in mink fed at 120% RDA compared to mink fed
at 80% RDA, and regardless of feeding intensity lower levels were found with fasting.
These results are not in agreement with Mustonen et al. (2005a) who found no effect of
fasting on LDL levels in mink and Ibrahim et al. (2000), who found an increase in plasma
LDL levels after diet-induced obesity in cats. No clear explanations are apparent for these
differences. HDL levels Were the highest in the F mink, which is a difference not
observed previously in mink (Mustonen et al. 2005a). Increased circulating HDL could
be the result of decreased clearance by the liver (Ibrahim et al. 2000). Decreased
clearance could be the result of decreased receptors in the liver for HDL such as
cholesteryl ester transfer protein (Zhou et al. 2006) or decreased production of signalling
molecules in the liver such as apolipoprotein E. Impaired or absent apolipoprotein E
expression in humans is associated with the development of hyperlipidemia, since
apolipoprotein E is required for the clearance of lipids from the blood (Davignon et al.
1999).

In cats with hepatic lipidosis, VLDL is not altered; as such it was suggested that
other mechanisms dominate the development of lipid accumulation in the liver (Pazak et
al. 1998; Ibrahim et al. 2000). Armstrong and Blanchard (2009) proposed that it was
likely increased lipolysis resulting in increased circulating NEFAs and TAGs that leads to
the development of HL in cats, rather than a decrease in secretion of lipid from the liver.
From this study and others in mink, the increased lipolysis of adipose tissue during food
deprivation appears to be the leading cause and source of the liptd accumulation in the
liver during negative energy balance. In addition, decreased or insufficient secretion of
lipids from the liver may play a critical supporting role further exacerbating the lipid
accumulation. Metabolic consequences that may impair lipid secretion will be discussed

later in more detail.
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3.4.6 Protein Metabolism

Plasma NHj levels showed no difference with any of the treatments, similar to the
results found by Rouvinen-Watt et al. (2010). This result is different from that of
Mustonen et al. (2005b) who found an increase in NH3 with 5 days of fasting in mink,
and Mustonen et al. (2009) who found a decrease with fasting in polecats. A decrease in
plasma urea levels was observed with fasting in the mink fed at 120% RDA. Fasting has
been shown in previous studies to result in a decrease in plasma urea levels in mink and
polecats (Tauson et al. 1997; Mustonen et al. 2005b, 2009). Uric acid levels were found
to decrease in two cases in tHe current study: in male mink fed the n-3 PUFA diet at
120% RDA and female mink fed the n-6 PUFA diet at 120% RDA. In previous studies
uric acids levels have been shown to decrease as a result of fasting (Tauson et al. 1997),
and in other cases have been shown to increase after 5 days of fasting, but no effect was
not observed after 7 days of fasting (Mustonen et al. 2005b). Putting obese cat on severe
caloric restriction resulted in no changes to the indicators of protein metabolism with
regards to the effect of dietary protein or fat source (Sazbo et al. 2000). Creatinine levels
showed a fasting effect with female mink fed the n-3 PUFA diet at 80% RDA and is
likely the result of high creatinine levels found in the F mink in this group. Other fasting
studies have shown that creatinine levels decrease with short term fasting (Tauson et al.
1997), or show no change with varying durations of fasting (Mustonen et al. 2005a).
Elevated creatinine levels could indicate decreased kidney filtration rate (Fettman and
Rebar 2004). Additionally, lean body mass makes a small contribution to plasma
creatinine levels (Swaminathan et al. 2000), however there were no differences in lean
body mass observed between diets in the female mink (Table 4.3). As such, the cause for
the differences in plasma creatinine levels remains unclear. The findings of this study
support that kidney function was not drastically altered. Thus, feeding intensity, dietary
fatty acids, or fasting did not cause severe alterations in the ability of the liver to detoxify
NH; or the ability of the kidney to excrete urea, uric acid, and creatinine from the body.

Total protein levels, albumin and globulin levels were within normal range for

mink (Hunter 1996). Protein is known to be important as an energetic fuel source for

80



mink and other strict carnivores, with approximately 39% of the body’s heat production
attributed to protein oxidation (Tauson et al. 1997). During food deprivation mink are
able to maintain normoglycemia, due to the utilization of amino acids for
gluconeogenesis (Mustonen et al. 2005a). Decreases in the protein concentration of the
quadriceps muscle in mink could indicate that protein catabolism is occurring, providing
the energetic fuel source the mink is metabolically accustomed to using (Mustonen et al.
2005b). It is indeed likely that the mink utilized muscle protein as an energy source
during food deprivation. Concomitantly, creatine kinase levels did increase in this study
as a result of fasting. Anorexia in cats is associated with increased serum creatine kinase
activities, and is thought to be the result of muscle catabolism to supply amino acids for

gluconeogenesis (Fascetti et al. 1997).
3.4.7 Endocrinology

In previous fasting experiments, decreases in insulin levels have occurred with
increases in plasma NEFAs (Mustonen et al. 2005a, 2005¢), demonstrating insulin’s role
in sparing glucose and increasing fat mobilization in response to food deprivation. This is
also likely the case for the differences in insulin levels observed between the two feeding
intensities in the current study. HOMA is an index used to assess insulin resistance
(McAuley et al. 2001). In this study, in accordance with similar studies in mink
(Mustonen et al. 2005a), a decrease in HOMA was observed. As mentioned before, the
glucose measurements during the final blood sampling do not entirely reflect the effects
of fasting and dietary treatments. Since this measurement would be used in the
calculation of the HOMA index, this too would be affected by stress of restraint and
anaesthesia. Glucagon levels showed no differences in this study. Previous studies in
mink showed an increase after 5 days of fasting but not after 7 (Mustonen et al. 2005c). A
similar fasting study in polecats yielded a decrease in glucagon (Mustonen et al. 2009).

In the NF mink, leptin levels were increased with the higher feeding intensity.
Fasting resulted in a decrease in leptin levels compare to the NF, with no effect of
feeding intensity. Decreasing leptin levels, previously observed in fasted mink (Mustonen
et al. 2005¢; Rouvinen-Watt et al. 2010), serve to remove the satiety signal and increase

foraging behavior. Increasing body weight, achieved from the increased feeding intensity,
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has been shown to correlate with higher leptin levels (Tauson and Forsberg 2002). It is
interesting to note, that Mustonen et al. (2005¢) did report a correlation between intra-
abdominal fat and leptin levels in fasted animals. It is likely that fasting has a stronger
influence on leptin levels than body mass, as leptin also serves as a trigger for the
neuroendocrine response to fasting (Ahima et al. 1996). This response was evident in the
current study with no difference with regards to feeding intensity in the F animals.

The higher feeding intensity also led to increased cortisol levels in the mink.
Levels in the 120% RDA group exceeded values previously reported in mink (Mustonen
et al. 2005¢). In humans, it has been shown that increasing activity of the hypothalamic-
pituitary-adrenal axis, which would lead to increase in cortisol levels, promotes selective
visceral weight gain, and weight regain (Purnell et al. 2009). This may have implications
for mink management, where over feeding during the fall period may set the mink up for
continuous weight management problems during the following periods of production.

T; levels generally decreased as a result of fasting, a result observed previously by
Mustonen et al. (2005¢, 2009) and Rouvinen-Watt et al. (2010). Since insulin is required
for the conversion of T4 to T3, the decrease in T levels during fasting could be a
consequence of decreased insulin levels and serves to conserve energy (Rouvinen-Watt et
al. 2010). Within the NF mink the females tended to have higher T; levels compared to
males. The T4 levels in this study were found to vary with feeding intensity and diet.
Previous studies have also shown no effect of fasting on T4 levels in mink and polecats
(Mustonen et al. 2005¢, 2009). It was suggested that since T4 is a prohormone for Tj, it
may not reflect changes in nutritional status in the same manner as T3 (Mustonen et al.
2005¢). Although T4 may not be a suitable indicator of immediate nutritional status,
Ferguson et al. (2007) proposed that obesity may result in a relative state of thyroid
hormone resistance in cats, which could be identified through elevated T4, with or
without elevated levels of thyroid stimulating hormone. The differences between
Ferguson et al. (2007) and fasting studies may reflect prolonged consequences of obesity
on hormone function in a similar manner as was observed in insulin. In both studies on
mink and polecats, fasting was either found to decrease the Tj: T4 ratio (Mustonen et al.

2005¢, 2009) or resulted in no difference (Mustonen et al. 2005c¢). This was not observed
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in this study, except in mink fed the n-6 PUFA diet. Thus, it is somewhat unclear how the
Ts: T4 ratio is affected by fasting.

3.7.8 Mechanisms in the Development of Fatty Liver

It has been well documented in humans, cats and certain mustelids that negative
energy balance caused by food deprivation or severe caloric restriction results in the
development of hepatic lipidosis (Szabo et al. 2000; Bjornvad et al. 2004; Mustonen et al.
2005a, 2009; Wang et al. 2006; Rouvinen-Watt et al. 2010 ). This development is
observed with increases in plasma NEFAs caused by increased lipolysis during fasting.
Other suggested mechanisms may be involved in the accumulation of lipids in the liver
such as decreased excretion of lipids throﬁgh VLDLs, impaired B-oxidation or increased
fatty acid synthesis (Adams et al. 2005).

In this study, the highest NEFA levels were also observed in the mink with the
highest liver lipid content. This was true with the exception of the n-3 PUFA mink, who
had the lower lipid content in the over fed mink, but still maintained elevated NEFAs.
Fatty liver may be the consequence of excessive mobilization of fatty acids, but fatty
acids may also play metabolic roles in preventing excessive accumulation as well.
Lipolysis caused by anorexia or severe and rapid weight loss has been suggested as the
principal mechanism in the development of hepatic lipidosis in cats (Armstrong and
Blanchard 2009).

Fatty liver is often observed in obese mink (Hunter and Barker 1996). This
experiment illustrated increased severity in the degree of hepatic lipidosis with the high
feeding intensity. This may be due to increased supply of NEFAs to the liver, as obesity
is associated with increase plasma levels of NEFAs (Jensen et al. 1989). Increased
feeding intensity in mink has also been suggested to cause the development of decreased
insulin sensitivity (Rouvinen-Watt et al. 2004). This study cannot confirm this, but
insulin resistance does play a role in NAFLD (Day 2002). Insulin resistance decreases
the ability to regulate mobilization of TAGs in adipose tissue, as insulin decreases the
activity of HSL in releasing fatty acids from adipose tissue (Bradbury et al. 2006). Lower
insulin levels could result in elevated plasma NEFAs since the uptake of NEFAs by
adipocytes is performed by LPL, which is also insulin dependent (Sjaastad et al. 2003).
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This is in contrast to fatty acid uptake by the liver which changes in relation to plasma
NEFA concentrations, and reflects the liver’s role in maintaining a steady state in the
body (Bradbury et al. 2006). Fasting leads to decreased insulin levels and in a way has a
similar effect as insulin resistance on adipose tissue leading to increased lipolysis and
plasma NEFA and consequential NEFA uptake by the liver. The uptake of NEFAs by the
liver may be increased with increasing adiposity. Visceral fat accumulates in the mink
with increasing body condition during autumnal fattening (Rouvinen and Kiiskinen 1989)
and is highly mobilized during fasting (Mustonen et al. 2005a). Increasing body fat in
human leads to an increase in the intra-abdominal fat, some of which when mobilized
would enter the liver through the portal vein without potential buffering and uptake by
muscle tissue (Day 2002). It is likely that this occurs in the mink as well, and will be
discussed in Chapter 4. ,

While the liver’s uptake of fatty acids from the blood is influenced by plasma
NEFAs, within the liver mechanisms to decrease the accumulation may aid in delaying or
reducing the severity of fatty liver. PPAR-a has been proposed to play a prominent role
in the pathogenesis of NAFLD by increasing energy utilization (Reddy and Rao 2006). n-
3 PUFAs activate PPAR-a leading to increase in B-oxidation (Krey et al. 1997; Levy et
al. 2004) and function as a lipid sensor in the liver by responding to influxes of fatty acids
with increased transcription of genes for mitochondrial and peroxisomal B-oxidation (Rao
and Reddy 2004). Increasing n-3 LCPUFAs has been shown to restore hepatic PPAR-a
expression and improve liver condition in rats with fatty liver (Svegliati-Baroni et al.
2006). The decrease in the severity of hepatic lipidosis in the mink fed the n-3 PUFA diet
in the current study compared to mink fed the n-6 PUFA diet may be due to effects of
PPAR-a through the upregulation of fatty acid oxidation systems. PPAR-a has been
shown to mediate the adaptive response in mice during fasting (Kersten et al. 1999). The
potential role for increased fatty acid oxidation in decreasing lipid accumulation in the
mink may also be found in the location of the lipids within the liver lobule. Lipid
accumulation in the periportal area suggests that increased fatty acid uptake is not being
matched with sufficient oxidation (Braeuning et al. 2006). In the current study, the

histological evaluations did reveal periportal accumulation, the proposed area for fatty
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acid oxidation, suggesting that increased PPAR-a could help prevent hepatic lipid
accumulation during periods of increase NEFA delivery.

Decreased secretion of lipids from the liver could be attributed to lipid
accumulation in NAFLD (Adams et al. 2005) whereas n-3 PUFAs have a role in
increased secretion (Lindén et al. 2002). While an increase in VLDL secretion can be
observed in some cases of FHL, in others no changes are observed, although insufficient
assembly and secretion likely does play a supporting role in liver lipid accumulation
(Armstrong and Blanchard 2009). The parallels in the causes of development of fasting-
induced fatty liver in mink and FHL suggest that this could also be the case for mink as
well. This study supports the idea that increased delivery to the liver rather than
decreased secretion from the liver is likely the principal mechanism for the accumulation
of lipids during fasting. Furthermore, during periods of fasting decreased insulin levels
inhibit LPL activity reducing lipid uptake by adipocytes (Bradbury et al. 2006). If the
lipids have no destination, increasing VLDL production would not aid in the long run, as
the lipid contents could potentially return back to the liver resulting in a perpetual vicious
cycle (Bradbury et al. 2006).

While the experimental model of fasting-induced fatty liver in mink may not
result in the clinical development of insulin resistance observed in many patients with
NAFLD (Bugianesi et al. 2006) or in female mink with nursing sickness (Rouvinen-Watt
2003), it does, however, illustrate a realistic factor in the development of hepatic lipidosis
and mechanisms that alter the degree of lipid accumulation in the liver. The fasting
method used in this study, as well as many others, likely represents the first hit in the 2-
hit hypothesis proposed for human NAFLD. This stage is benign in humans, just as fatty
liver in mink is often asymptomatic (Hunter and Barker 1996). The mink remained
“healthy” despite the drastic increases in liver lipids. Yet, mink do succumb to fatty liver.
This first hit may not be sufficient enough to cause severe liver damage, but it does
predispose the liver for the second hit caused by oxidative stress (Malinska et al. 2010).
Oxidative stress is likely a key factor in the second hit, and could contribute to the
development of insulin resistance (Day 2002). This study did not show alterations to
plasma TAS as a result of fasting, suggesting that fasting for five days likely did not

result in an increase in ROS.
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It has been proposed that mink succumb to FLS as a result of the metabolic
consequences of competing pathways between protein and lipid metabolism (Rouvinen-
Watt et al. 2010). Catabolising protein for energy, seen in the current study, would result
in ammonia waste that would need to be detoxified in the urea cycle and would also
require a source of arginine (Elliott and Elliott 2005). Thus, failure of the urea cycle from
insufficient arginine could lead to the development of hyperammonia which can lead to
coma and death (Cagnon and Braissant 2007). Insufficient arginine also results in
increased production of orotic acid, a hepato-toxin which can inhibit secretion of lipids
from the liver (Cornelius and Jacobs 1989). Fasting does result in a depletion of plasma
arginine (Mustonen et al. 2005b, 2009), suggesting the development of a deficiency,
while increased competition for arginine with lipid metabolism may also be observed, as
arginine is also required for the production of VLDL (Maugeais et al. 2000). Thus,
fasting may result in a deficiency of arginine and may compromise the secretion of lipids

from the liver through VLDL or detoxification of ammonia (Rouvinen-Watt et al. 2010).

3.5 Conclusion

During the feeding trial portion of the trial, the mink fed at 80% RDA lost body
weight, and only the males gained weight when fed at 120% RDA. All the mink
maintained normoglycaemia through the feeding trial. The development of fatty liver in
the mink was shown to be strongly influenced by fasting. Increasing the feeding intensity
increased the severity of the development of fatty liver with fasting, while feeding diets
high in n-3 PUFA helped in reducing the severity in the mink fed above the RDA.
Increased plasma NEFAs suggest that the mobilization of fat reserves occurs during
fasting, leading to increased uptake by the liver and subsequent lipid accumulation. The
higher feeding intensity increased the NEFAs, suggesting an excessive mobilization of
the fat reserves during fasting. However, feeding the n-3 PUFA diet may promote
increased levels of PPAR-a, increasing fatty acid oxidation in the liver and helping to
lower the severity of hepatic lipid accumulation. Despite the development of fatty liver,
the mink were otherwise in good health as indicated by the normal haematology and

clinical chemistry values. Evidence of increased muscle catabolism as a result of fasting

86



was noted. The results of this study suggest that avoiding overconditioning in mink
during the fall and increasing dietary intake of n-3 PUFAs may help prevent the

development of fatty liver during periods of food deprivation.
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CHAPTER 4. Effect of Feeding Intensity and Dietary Fat source on the Deposition
and Mobilization of Fat and Fatty Acids in the Mink (Neovison vison).

4.1. Introduction

During the fall, mink prepare for the winter by depositing body fat which provides
an energy reserve during times of food scarcity as well as additional insulation (Rouvinen
and Kiiskinen 1989). However, in captivity the energetic needs of the mink differ from
those in the wild. As a consequence of a sedentary lifestyle and a calorically dense, high-
fat and high carbohydrate diet, farmed mink are frequently found to be obese at the
beginning of winter (Koskinen and Lassén 2006; Mustonen et aL 2009). Increased
adiposity in mink can have negative health consequences, including an increased risk in
the development of fatty liver syndrome (Hunter and Barker 1996).

Fatty liver syndrome in mink is typically found in obese animals during stressful
periods in which an animal may go off feed for a period of a few days (Hunter and Barker
1996). Food deprivation or fasting in mink and polecats results in the mobilization of fat,
particularly from the abdominal cavity and leads to the development of fatty liver in these
animals (Mustonen et al. 2005a, 2009; Rouvinen-Watt et al. 2010). Intra-abdominal fat is
of particular concern as the fatty acids mobilized from this depot enter into portal
circulation and are delivered to the liver and can lead to hepatic lipid accumulation
(Smith and Schenk 2000). '

Dietary fatty acids have also been implicated in the development of fatty liver,
with low levels of n-3 PUFA or a high n-6: n-3 PUFA ratio leading to the development of
fatty liver in humans (Araya et al. 2004). A derangement to liver lipid metabolism caused
by an imbalance in n-3 and n-6 PUFAs may lead to conditions in the liver that promote
lipid accumulation (El-Badry et al. 2007). During fasting, preferential mobilization of
n-3 PUFAs from the fat depots and a decrease of n-3 PUFAs from the liver in mink and
polecats occurs (Nieminen et al. 2009; Rouvinen-Watt et al. 2010). This suggests that
increasing n-3 PUFAs may help promote and maintain normal liver metabolism in mink
during fasting.

Altering the dietary history of the mink during the fall by preventing the

development of obesity may help in the prevention of the development of fatty liver. In
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addition, increasing intake of n-3 PUFA may help maintain an optimal balance of n-3 and
n-6 PUFAs. Dietary fatty acids are strongly reflected in the fatty acid profile of the fat
depots in mink (Rouvinen and Kiiskinen 1989, Iverson et al. 2004). Thus feeding diets
high in n-3 PUFAs would increase the body’s reserves of n-3 PUFAs. This could benefit
the mink during periods of fasting by preventing the suggested deficiency in n-3 PUFAs.

The objective of this study is to determine how feeding intensity and the relative
dietary fatty acid composition can affect the deposition and mobilization of fat and fatty
acids in the mink, and the subsequent alterations in the liver lipids. It was hypothesized
that feeding at 120% RDA would increase visceral body fat, which would be mobilized
during periods of fasting. Dietary fatty acid composition would be reflected in the fatty
acid profile of the fat depots and liver, and fasting would result in a decrease of n-3

PUFAs in the mesenteric fat and liver.

4.2 Material and Methods
4.2.1 Animals

Seventy-two (72) standard dark mink, half male and half female, were allocated to
one of three diets and two feeding intensities starting in September 2007. The diets
included one of three fat sources: herring oil (n-3 PUFA), soya oil (n-6 PUFA) and
canola oil (n-9 MUFA). The oils were chosen to give the diets distinct fatty acid profiles
with regards to n-3 and n-6 PUFAs, with herring oil being rich in n-3 PUFAs, soya oil
rich in n-6 PUFAs, and canola oil being intermediate in both n-3 and n-6 PUFAs and rich
in n-9 MUFAs. The two feeding intensities were 80% RDA and 120% RDA. After
feeding the mink for 10 weeks, half the mink in each diet and feeding intensity
combination were subjected to a 5-day fast and the other half an overnight fast as a
control. Following this, the mink were euthanized for blood and tissue sampling. Further
details of the trial, diet formulation and composition, and tissue sampling are described in

Section 3.2. Liver lipid content was analyzed following the Folch et al. (1957) method.
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4.2.2 Quantitative Dissections

Each mink carcass was quantitatively dissected for the following body fat depots
to the nearest 0.1 g: subcutaneous, intermuscular, omental, mesenteric, perirenal, and
diaphragmatic. To measure the subcutaneous fat each mink pelt was weighed before and
after scraping, and the difference was used to calculate the amount of subcutaneous fat
that remained on the pelt. The heart, stomach, pancreas, intestine, spleen, kidneys,
reproductive tract, and testes were weighed to the nearest 0.1g, while ovaries, thyroid and
adrenal glands were weighed to the nearest 0.001 g.

Total body fat was calculated as the sum of all the fat depots. Total intra-
abdominal fat was calculated as the sum of the omental, mesenteric, retreperitoneal and
diaphragmatic fat for each mink. Total visceral fat, as the sum of the omental and
mesenteric depots, was also calculated. Lean body mass (LBM) was calculated as the
total body fat subtracted from the body weight. The relative fat depot weights were
expressed both as % body weight and % LBM. The % body fat was calculated for the fat
depots as the % weight of the depot of the total body fat reserves.

4.2.3 Fatty Acid Analysis

Fatty acid analysis was performed on the mink plasma, liver, and mesenteric fat.
Fatty acid analysis, gas chromatography and identification methodology are described in
Section 3.2.4.1. Plasma samples were evaporated under nitrogen to near dryness before
methylation solvents were added. Mole percentages are reported for the SFAs, MUFAs,
total n-6 PUFAS, total n-3 PUFAs, LA, AA, ALA, EPA, and DHA. Product: Precursor
(Pro: Pre) ratios were calculated for the n-3 PUFAs as the combined mole % of EPA and
22:6 -3 over ALA (Nieminen et al. 2009). For the n-6 PUFA, the Pro: Pre ratio was
calculated as the ratio of AA to LA.

4.2.4 Statistical Analysis

Data from the dissections and fatty acid profiles were analyzed in a split-split-plot
factorial design using Proc MIXED in SAS® v.9 (SAS Institute Inc., Cary, NC). The
fasting treatments were used as the whole plot, sex as the sub-plot and the subplot
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treatments as the sub-sub-plots, with 3 replicates within each. A blocking factor of dam’s
dam was used and was nested within sex. A multiple mean comparison test (PDiff) was
used to identify where differences existed when significant effects were found at P <0.05.
Where 3-way interactions that included fasting as effect or 4-way interactions were found
to be significant, comparisons were made within NF and F mink, and between NF and F

treatments only. Data are presented as Ismeans + SEM.

4.3 Results
4.3.1 Liver Lipid Content

Liver lipid content was found to be significantly affected by the interactions
between diet and feeding intensity and between fasting and feeding intensity. The mink
fed the n-6 PUFA and n-9 MUFA diets at 120% RDA had the highest liver lipid content
(Table 4.1). The lowest % liver lipid was observed in the mink fed the n-6 PUFA fed at
80% RDA, which did not differ significantly from the n-3 PUFA diet fed at either feeding
intensity. Fasting significantly increased the % liver lipid, with the lipid accumulation
being the most severe in the mink fed at 120% RDA (Table 4.2). For a more detailed
description of liver health see Chapter 3.

Table 4.1. Effect of feeding intensity and diet on liver lipid content. P-value 0.031.

Liver lipid, % n-3 PUFA n-6 PUFA n-9 MUFA
80% RDA 11.7 +1.3%¢ 8.9 +1.3€ 12.0 £1.3"8
120% RDA 12.0 +£1.3%¢ 15.7 £1.3* 12.7 +1.3%

A€ Values differ within responses (P <0.05).
Lsmeans + SEM are presented.

Table 4.2. Effect of fasting and feeding intensity on liver lipid content. P-value 0.020.

Liver lipid, % 80% RDA 120% RDA
Non-Fasted 6.0 +1.1€ 6.6 +1.1°¢
Fasted 16.2 +1.18 217 £1.14

A Values differ within responses (P <0.05).
Lsmeans + SEM are presented.
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4.3.2 Organ and Fat Depot Weights
4.3.2.1 Absolute Weights

Significant differences were found between the absolute weights of the main
internal organs, body fat depots and other dissected tissues (Table 4.3). As described in
Chapter 3, the final body weights of the mink fed at 80% RDA were less than those fed at
120% RDA (Table 4.4). Higher body weights were found in the males fed the n-3 PUFA
diet at 120% RDA in the NF mink, and these showed a decrease with fasting (Table 4.5).
The males fed the n-6 or n-9 MUFA did not differ within or between fasting treatments.
The final body weights of the females did not differ within diets or between fasting
regimes, and remained significantly less than the male mink. The lean body mass: of the
mink was larger in the males than the females and increased for both sexes when the
mink were fed at 120% RDA. Fasting decreased the lean body mass of the mink (Table
4.6). The estimated total body fat content was found to be the lowest in female mink, and
highest in the male mink fed the n-3 PUFA diet. Fasting resulted in a significant total
body fat loss only in the male mink fed the n-3 PUFA diet. The 120% RDA feeding
intensity resulted in increased total body fat content for both the males and females.

The subcutaneous fat depots were larger in the males than the females. The higher
feeding intensity increased the mass of the subcutaneous fat reserves. The largest
subcutaneous depots were found in the male mink fed the n-3 PUFA diet, which were
also the only group to show a decrease in weight with fasting. Intermuscular fat also was
notably elevated in the mink fed at 120% RDA (Table 4.7). The males tended to have
more intermuscular fat than the females, and only the male mink fed the n-3 or n-6 PUFA
diets showed a decrease in the intermuscular fat depot mass in response to fasting.

The intra-abdominal fat reserves, consisting of omental, mesenteric,
diaphragmatic, perirenal fat depots, were the largest in the mink fed at 120% RDA. In the
NF mink, males fed the n-3 PUFA diet had the most intra-abdominal fat while, the lowest
amounts were found in the female mink. Fasting decreased the intra-abdominal depot for
the males fed the n-3 and n-6 PUFA diets. The fasted males tended to have more visceral
fat (omental and mesenteric fat) than the females with the exception of n-3 PUFA mink,

where no significant difference was found between the sexes. The total visceral fat depot
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was the largest in the males, and increased for both sexes with increasing feeding
intensity. The increase in these visceral fat reserves was particularly high for males fed
the n-3 PUFA diet. Only the males fed the n-3 and n-6 PUFA diet had a significant
decrease in the visceral depots with fasting. The omental weight also increased with
increasing feeding intensity. It was the largest in the males, with the biggest reserve in
NF males fed the n-3 PUFA diet, which was also the only group to show a decrease with
fasting. A similar pattern was also observed for the mesenteric fat depot weights with the
exception of a general decrease in mesenteric weight with fasting. The perirenal fat depot
weight increased with increasing feeding intensity and decreased with fasting. The
perirenal mass was the highest in mink fed the n-3 PUFA diet (Table 4.8). Diaphragmatic
fat depot was larger in the male mink, and decreased in both sexes due to fasting.

The male hearts were larger in mass than the female hearts and the weight
increased with feeding at 120% RDA regardless of sex (Table 4.9). Kidneys also
increased in mass with increasing feeding intensity, and were heavier in the males than
the females. Kidney weight only decreased in the male mink fed the n-3 PUFA diet.
Spleens increased in mass when the mink were fed at 120% RDA. The female mink
tended to have slightly smaller spleens than the males, but this was only observed in the F
mink. The males had larger stomachs and intestines than the females. Stomach weight
increased with the higher feeding intensity. Stomachs were the largest in NF mink fed the
n-6 PUFA diet and the smallest in F mink fed the n-6 PUFA diet, and decreased in weight
for mink fed the n-6 and n-9 MUFA diet with fasting (Table 4.10). Both the male and
female intestines decreased in mass with fasting and were larger in the males. The female
pancreases were smaller than those of the males, and decreased in weight with fasting for
both sexes. The mink fed the n-9 MUFA diet had smaller pancreases than those fed the
n-3 or n-6 PUFA diets. Both male and female reproductive tracts increased in weight
with increased feeding intensity. Male reproductive tracts and testes were larger in fasted
males. Ovary weight did not respond to any treatment and had a mean of 0.128 £0.011g.
Adrenal glands weighed more in the fasted animals and as well as males, particularly
those fed at 120% RDA, while the thyroid glands were heavier in males and decreased in
mass as a result of feeding at 80% RDA or fasting.
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Table 4.4. Effect of feeding intensity and sex on mink body weight, lean body mass and

the weights of the fat depots, and adrenal glands.

80% RDA 120% RDA

Component (g) Male Female Male Female
Body Weight 1770 +78° 909 +78° 2338 +78* 1168 +78°
Lean Body Mass 1302.7 +44.0°  686.0 +44.0° 1569.9 +44.0°  784.9 +44.0°
Total Body Fat 467.0 £39.88 222.7 +39.8° 768.5 £39.8* 383.2 £39.88
Subcutaneous Fat 375.6 £33.28 174.1 £33.2€ 614.1 £33.2% 300.1 +33.2°
Visceral 40.7 +4.8° 20.5 +4.8¢ 74.7 +4.8* 36.7 +4.8°
Mesenteric Fat 24.9 £2.8" 12.4 +2 8¢ 46.9 +2.8* 24.1 +£2.8°
Diaphragmatic Fat 2.3+0.2° 1.4 +0.2¢ 4.1 £0.2% 2.0+0.2°

Adrenal Gland 0.132 £0.005%  0.085 +0.005°

0.153 +0.005*

0.082 +0.005°

AD'values differ within responses (P <0.05).
Lsmeans + SEM are presented.
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Table 4.6. Effect of fasting on mink lean body mass, and the weights of the perirenal fat

and organs.

Component (g) Non-Fasted Fasted
Lean Body Mass 1143 £314 1029+31°
Perirenal Fat 20.3 +1.14 13.4+1.1°
Pancreas 3.72 £0.10% 3.07+0.10°
Adrenal 0.120 £0.004° 0.105+0.004"
Thyroid 0.319 £0.019* 0.247 £0.019®
Male Reproductive Organs 2.8 +0.2° 3.6 £0.2%
Testes 5.7 +0.4° 6.9 £0.4*

2B Values differ within responses (P <0.05).
Lsmeans + SEM are presented.

Table 4.7. Effect of feeding intensity on the weights of fat depots and organs in mink.

Component (g) 80% RDA 120% RDA
Intramuscular Fat 24.0+1.78 36.3 £1.74
Intra-abdominal Fat 452 4498 80.8 £4.94
Omental Fat 11.9 +1.1° 18.4 +1.1*
Perirenal Fat 12.8 +1.18 20.9 £1.1*
Kidney 5.1+0.2° 6.1 +0.2*
Intestine 30.4 +0.78 33.2 +0.74
Heart 8.8 +0.38 9.7 +0.3*
Spleen 4.6 £0.3° 6.8 £0.3%
Stomach 7.8 4028 8.3 +0.2*
Female Reproductive Organs 1.18+ 0.09° 1.54 %+ 0.09*
Male Reproductive Organs 5.69 £0.36° 6.84 +0.36"
Thyroid 0.246 £0.019° 0.321 £0.0194

ABValues differ within responses (P <0.05).
Lsmeans + SEM are presented.

Table 4.8. Effect of diet on the weights of the perirenal fat depot and the pancreas in
mink.

Component (g) n-3 PUFA n-6 PUFA n-9 MUFA
Perirenal Fat 19.7 +1.3* 15.7 +1.3% 15.2 +1.38
Pancreas 3.5 +0.1* 3.5+0.1* 3.1+0.18

ABValues differ within responses (P <0.05).
Lsmeans + SEM are presented.
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Table 4.9. Effect of sex on mink body length and organ weights.

Component (g) Male Female
Body Length, cm 47.4 £0.4* 39.1 +0.4°
Heart, g 11.8 £0.44 6.6 £0.4°
Stomach, g 9.9 +0.2* 6.2 +0.2°
Pancreas, g 4.1 +0.1* 2.7 +0.18
Thyroid, g 0.336 +0.020" 0.231 £0.020°

ABValues differ within responses (P <0.05).
Lsmeans + SEM are presented.

Table 4.10. Effect of fasting and diet on mink stomach weight.

Stomach (g) n-3 PUFA n-6 PUFA n-9 MUFA
Non-Fasted 8.1 +0.35%¢ 9.1 +0.3% 8.4 0,38
Fasted 8.1 £0.38¢ 7.1 £0.3° 7.4 £0.3P

AP Values differ within responses (P <0.05).
Lsmeans + SEM are presented.

Table 4.11. Effect of fasting and sex on intestinal weight in mink.

Intestine (g) Male Female
Non-Fasted 453 +1.0° 353 +1.0°
Fasted 25.6 £1.0° 20.9 +1.0°

ADValues differ within responses (P <0.05).
Lsmeans + SEM are presented.

4.3.2.2 Lean Body Mass and Fat Depot Weights in Relation to Body Weight

Significant differences were found in the relative weights of the fat depots and
lean body mass (expressed as % body weight) (Table 4.12). The relative lean body mass
decreased in the mink fed at 120% RDA (Table 4.13), and was the lowest in the NF
males fed the n-3 PUFA diet (Table 4.14). Fasting increased the relative lean body mass
of the males fed the n-3 PUFA diet, and the females fed either the n-6 PUFA or the n-9
MUFA diets while there were no differences in % lean body mass in the F mink. An
opposite trend was found for percent body fat, as it was decreasing with the lower RDA
or in response to fasting (Table 4.15).

The proportion of subcutaneous in relation to body weight decreased with fasting
and alsd tended to decrease with feeding at 80% RDA with the exceptions of the males
fed the n-3 PUFA diet at 80% RDA and the females fed the n-9 MUFA diet at 120%
RDA (Tables 4.16). The intermuscular fat depots decreased in proportion to body weight
with fasting and feeding at 80% RDA.
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Increasing the feeding intensity resulted in an increased proportion of intra-
abdominal fat. The relative weight of this fat depot did not differ between the sexes fed
the same diets in the NF mink. The males fed the n-3 PUFA diet had a higher proportion
than the n-6 PUFA or n-9 MUFA fed mink, and this was observed for the females in the
F group. Fasting resulted in a decrease in the percent of intra-abdominal fat for the males
fed the n-3 or n-6 PUFA diet and the females fed the n-9 MUFA diet. All fat depots
within the intra-abdominal compartment increased in relation to body weight with
feeding at 120% RDA. The relative weights of the omental and perirenal fat depots
decreased due to fasting. The percentage of mesenteric fat in relation to body weight
decreased only in the males fed the n-3 or n-6 PUFA diet and the females fed the n-9
MUFA diet with fasting. Within the NF mink the lowest proportion of mesenteric fat in
relation to body fat was observed in males fed the n-9 MUFA diet, and highest in males
fed the n-3 PUFA diet. These changes were also reflected in the combined relative
weights of these visceral fat depots. Diet influenced the proportion of perirenal fat, with
the highest percentages in mink fed the n-3 PUFA diet (n-3 PUFA: 1.3 £0.1; n-6 PUFA:
1.0 £0.1; n-9 MUFA: 1.0 £0.1).
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Table 4.12.a. P-values of the main effects and interactions for relative fat depot weights.
Highest order significant main effects and interactions are bolded.

Effect Body Fat abtlirétrrnai;lal Visceral Mesenteric Omental Perirenal
Fat Fat Fat Fat Fat

Fast 0.005 <0.001 0.001 <0.001 0.029 <0.001
Sex 0.503 0.165 0.929 0.790 0.624 0.006
Fast*Sex 0.695 0.682 0.509 0.403 0.777 0.966
Diet 0.138 0.008 0.013 0.005 0.156 0.008
Fast*Diet 0.467 0.587 0.495 0.590 0.505 0.661
Sex*Diet 0.614 0.970 0.968 0.620 0.681 0.764
Fast*Sex*Diet 0.048 0.033 0.014 0.011 0.080 0.152
FI <0.001 <0.001 <0.001 <0.001 0.002 <0.001
Fast*FI 0.994 0.750 0.936 0.791 0.621 0.547
Sex*F1 0.584 0.747 0.990 0.723 0.672 0.245
Fast*Sex*FI 0.851 0.798 0.775 0.951 0.615 0.881
Diet*FI 0.950 0.592 0.474 0.508 0.519 0.709
Fast*Diet*FI 0.098 0.333 0.238 0.106 0.675 0.644
Sex*Diet*FI 0.123 0.975 0.876 0.831 0.877 0.837
Fast*Sex*Diet*FI 0.708 0.935 0.998 0.853 0.706 0.657

Table 4.12.b. P-values of the main effects and interactions for the relative weights of the
fat depots and lean body mass. Highest order significant main effects and interactions are’

bolded.

Effect D1aphl§z%matlc SubCLIl:t:tneous Interr;zfcular Lean Body Mass
Fast 0.291 0.026 0.001 0.005
Sex 0.673 0.344 0.896 0.500
Fast*Sex 0.368 0.488 0.224 0.693
Diet 0.068 0.262 0.548 0.138
Fast*Diet 0.352 0.564 0.168 0.471
Sex*Diet 0.564 0.537 0.632 0.619
Fast*Sex*Diet 0.667 0.092 0.071 0.047
FI 0.001 <0.001 0.003 <0.001
Fast*FI 0.188 0.903 0.586 0.995
Sex*FI 0.138 0.595 0.577 0.578
Fast*Sex*FI 0.756 0.833 0.660 0.860
Diet*FI1 0.819 0.957 0.629 0.955
Fast*Diet*F1 0.173 0.111 0.128 0.099
Sex*Diet*F1 0.936 0.046 0.361 0.123
Fast*Sex*Diet*FI 0.518 0.591 0.576 0.709
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Table 4.13. Effect of feeding intensity on the relative weights of the fat depots and lean

body mass.

(% Body Weight) 80% RDA 120% RDA
Body Fat 24.3+0.9° 32.3+0.9%
Intra-abdominal Fat 3.3+0.2° 4.6 £0.24
Visceral Fat 2.2+0.1° 3.1+0.14
Mesenteric Fat 1.3 £0.18 2.0 £0.1*
Omental Fat 0.8 £0.1° 1.1+0.1*
Perirenal Fat 1.0 £0.1° 1.3 +0.1*
Diaphragmatic Fat 0.1+0.0° 0.2 +0.0*
Intermuscular Fat 1.7 +0.1B 2.140.14
Lean body mass 75.7 £0.9* 67.7 £0.9%

ABValues differ within responses (P <0.05).
Lsmeans + SEM are presented.
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4.3.2.3 Fat Depot Weights in Relation to Total Body Fat

Significant differences in the relative weights of the fat depots compared to total
body fat are shown in Table 4.17. The proportion of subcutaneous fat increased with
fasting (Table 4.18). Subcutaneous fat percentage was the highest in the males fed the n-3
PUFA diet at 80% RDA and the lowest in the female mink fed the n-3 PUFA diet at 80%
RDA (Table 4.19). The relative weight of the intermuscular fat depot was the highest in
males fed the n-6 PUFA diet at 80% RDA, and the lowest in females fed the n-3 PUFA
diet at 120% RDA. A sex difference was observed for the amount of mesenteric fat in
relation to total body fat, with the females having a higher percentage (14.8 £0.5 % vs.
12.7 £0.5 %). Fasting decreased the proportion of intra-abdominal fat in the mink, and
this was also reflected in decreases in the visceral, mesenteric and perirenal fat depots in
relation to total body fat. The proportion of mesenteric fat increased with increasing
feeding intensity from 80% RDA to 120% RDA (5.4 £0.2 % vs. 6.0 £0.2 %). Diet
influenced the proportion of mesenteric fat, which was the highest in the mink fed the n-3
PUFA diet, and was also reflected in the proportion of visceral fat (Table 4.20). Perirenal
fat depot weight in relation to total body fat was the highest in the females fed the n-3
PUFA diet at 80% RDA and lowest in males fed the n-3 PUFA diet at 80% RDA. The
weight of the diaphragmatic fat was lower in males fed at 80% RDA compared to

females in relation to total body fat reserves (Table 4.21).
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Table 4.20. Effect of diet on the relative weights of the mink visceral and mesenteric fat

depots.

(% Body Fat) n-3 PUFA n-6 PUFA n-9 MUFA
Intra-abdominal Fat 14.9 +0.6* 13.2 +0.6° 13.2 £0.6°
Mesenteric Fat 6.2 £0.2* 5.5 +0.28 5.4 +028

ABvyalues differ within responses (P <0.05).
Lsmeans + SEM are presented.

Table 4.21. Effect of feeding intensity and sex on the relative weights of the mink
diaphragmatic fat.

Diaphragmatic Fat (% Body Fat) Male Female
80% RDA 0.49 £0.04° 0.62 £0.04*
120% RDA 0.57 £0.04"8 0.54 +£0.048

AP Values differ within responses (P <0.05).
Lsmeans + SEM are presented.

4.3.3 Fatty Acid Profiles

4.3.3.1 Plasma Fatty Acid Profile

The fatty acid profile of the plasma was affected by the treatment main effects and
the interactions (Table 4.22). The mole percent of total SFA increased with feeding the
mink at 120% RDA (Table 4.23). Fasting was found to increase total SFA (Table 4.24).
Total plasma MUFAs were affected by fasting, sex and feeding intensity, and diet. The
MUFA proportion increased due to fasting (Table 4.25). Within the NF mink, the females
~ fed at 80% RDA had a higher MUFA proportion than the females fed at 120% RDA. The
fasted males fed at 80% RDA had higher MUFA levels than those fed at 120% RDA.
Diet also influenced the MUFA percentage in the plasma, with the lowest proportions
observed in the n-6 PUFA group, and no difference between the n-3 PUFA and n-9
MUFA diets (Table 4.26).

The plasma n-6: n-3 PUFA ratio was the lowest in the mink fed the n-3 PUFA
diet and the highest in the mink fed the n-6 PUFA diet (Table 4.27 and 4.28). Fasting
decreased the ratio in the mink fed the n-6 PUFA and n-9 MUFA diets and removed the
difference between these two diets. In addition, the females had a higher n-6: n-3 PUFA
ratio than the males when fed the n-6 PUFA diet.

The proportion of n-6 PUFAs in the plasma also responded to diet, with increased
proportions in the mink fed the n-6 PUFA diets and the lowest in the mink fed the n-3
PUFA diet. Total n-6 PUFAs decreased with fasting and within the NF mink fed at 80%
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RDA, the males had a higher proportion than the females. Differences were noted within
the n-6 PUFA fatty acid class. The proportion of LA in plasma was altered by diet and
feeding intensity, with the proportion being higher in the mink fed at 80% RDA (Table
4.29). Within both feeding intensities the proportions followed the same rank order, being
the highest in the n-6 PUFA group and the lowest in the n-3 PUFA group. Fasting was
not found to decrease the proportion of plasma LA although it did for total n-6 PUFAs.
An increase was noted in the males fed at 80% RDA, who also had a higher proportion
than all the other NF mink. Differences in the proportion of AA were present due to diet
with the highest levels in the mink fed the n-9 MUFA diet. Fasting or feeding at 80%

- RDA resulted in a decrease in the plasma AA percentage.

Total n-3 PUFAs were the highest in the mink fed the n-3 PUFA diet. The n-3

: PUFA diet also responded to fasting with a decreased proportion of total n-3 PUFAs,

~ while an increase occurred with fasting for both n-6 PUFA and n-9 MUFA diets. The
proportion of AL A were the lowest in the mink fed the n-3 PUFA diet, and only the mink
fed the n-6 and n-9 MUFA diets showed decreases in the plasma ALA proportion in
response to fasting (Table 4.30). The plasma percentage of EPA was the highest in the
mink fed the n-3 PUFA diet and for the NF group lowest in the mink fed the n-9 MUFA
diet (Table 4.31). With regards to diet, fasting decreased the proportion of EPA in plasma
for mink fed the n-3 PUFA diet only. Feeding at 80% RDA resulted in a higher
proportion of EPA, with fasting reducing the proportion for both feeding intensities and
eliminating the difference (Table 4.32). The percent of DHA in plasma was the highest in
the mink fed the n-3 PUFA diet and lowest in those fed the n-6 PUFA diet, and decreased
with fasting.
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Table 4.22.b. P-values of the main effects and interactions for the plasma fatty acid
profile. Highest order significant main effects and interactions are bolded.

ALA EPA DHA n-3 PUFA n-3 PUFA
Plasma Effect Pro: Pre
Fast 0.002 <0.001 <0.001 0.038 <0.001
Sex 0.210 0.068 0.072 0.128 0.709
Fast*Sex 0.596 0.001 0.349 0.171 0.158
Diet <0.001 <0.001 <0.001 <0.001 <0.001
Fast*Diet 0.036 <0.001 0.051 <0.001 <0.001
Sex*Diet 0.339 <0.001 0.118 0.127 0.043
Fast*Sex*Diet 0.342 0.032 0.159 0.229 0.337
F1 0.302 0.171 0.459 0.936 0.423
Fast*FI 0.843 0.021 0.685 0.449 0.568
Sex*FI 0.947 0.061 0.644 0.513 0.538
Fast*Sex*FI 0.064 0.374 0.111 0.134 0.340
Diet*FIL: 0.001 0.586 0.894 0.766 0.007
Fast*Diet*FI 0.605 0.650 0.788 0.723 0.937
Sex*Diet*FI 0.706 0.298 0.761 0.704 0.654
Fast*Sex*Diet*F1 0.042 0.296 0.595 0.654 0.209
Table 4.23. Effect of feeding intensity on plasma fatty acid profile.
Mole % 80% RDA 120% RDA
SFA 33.26 £0.53° 35.13 £0.53%
AA 17.19 +£0.30° 20.82 +0.30"
UFA: SFA 2.02 +£0.05% 1.87 £0.05°
n-6 PUFA Pro: Pre 0.98 +0.03" 1.42 £0.03*
ABValues differ within responses (P <0.05).
Lsmeans + SEM are presented.
Table 4.24. Effect of fasting on plasma fatty acid profile.
Mole % Non-Fasted Fasted
SFA 33.75 £0.538 34.63 £0.53*
AA 20.71 £0.30% 17.30 £0.30®
DHA 5.04 +0.14° 6.42 +0.14*
n-6 PUFA Pro: Pre 1.29 +£0.03* 1.12 +0.03"

A8 Values differ within responses (P <0.05).
Lsmeans + SEM are presented.
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Table 4.25. Effect of fasting, feeding intensity and sex on plasma fatty acid profile.

80% RDA 120% RDA
Mole % Male Female Male Female
MUFA Non-fasted 17.23 +0.66™®"  18.72 £0.66™" 17.14 £0.66"%"  16.61 £0.66°
Fasted 23.08 £0.66"  21.23 +£0.66"" 19.72 £0.66°  20.87 +0.66°
LA Non-fasted  21.77 £0.75%"  19.14 +0.75" 15.56 +0.75¢  16.60+£0.75°
Fasted 18.82 £0.75%  19.28 +0.75* 15.53£0.75°  15.48 +0.75°
n-6 PUFA Non-fasted  41.83 £0.66%"  39.83 £0.66%" 40.06 £0.66*%"  40.09 +0.66*%"
Fasted 34.63 +0.66 35.98 +0.66 36.07 +£0.66 35.35 £0.66
A€ Values differ within response rows (P <0.05).
" Values differ between non-fasted and fasted mink (P <0.05).
Lsmeans + SEM are presented.
Table 4.26. Effect of diet on plasma fatty acid profile.
Mole % n-3 PUFA n-6 PUFA n-9 MUFA
MUFA - 22.10 £0.412 14.61 +0.41° 21.26 £0.41*
AA ' 18.65 +0.37° 18.47 £0.37° 19.90 £0.37*
n-6 PUFA - 31.98 +0.41° 44.46 £0.41% 37.51 +£0.418
n-6 PUFA Pro: Pre 1.55 40.04* 0.78 +0.04° 1.27 40.048
DHA ‘ 7.29 +0.18% 4,59 +0.18° 5.32 +0.18P
AL Values differ within responses (P <0.05).
Lsmeans + SEM are presented.
Table 4.27. Effect of fasting and diet of plasma fatty acid profile.
Mole % n-3 PUFA n-6 PUFA n-9 MUFA
n-3 PUFA Non-Fasted 12.11 £0.29* 5.50 £0.29% 6.93 £0.29°
Fasted 10.72 £0.298 7.40 £0.29<° 7.96 £0.29€
n-6: n-3 PUFA Non-Fasted 2.80+0.21° 8.78 +0.21* 5.79 £0.21°
: Fasted 2.86£0.21° 5.73 £0.21° 4.46 +0.21°
n-3 PUFA Pro: Pre Non-Fasted 68.13 +1.98% 7.67 +£1.98° 11.28 +1.98°¢
Fasted 60.68 +1.984 14.01 +1.98 16.55 +1.98"8
“EValues differ within responses (P <0.05).
Lsmeans + SEM are presented.
Table 4.28. Effect of sex and diet on plasma fatty acid profile.
Mole % n-3 PUFA n-6 PUFA n-9 MUFA
n-6: n-3 PUFA Male 2.84 +0.21° 6.68 £0.21° 5.24 +0.21°
Female 2.82 +0.21° 7.83 +0.21* 5.02+£0.21¢
n-3 PUFA Pro: Pre Male 57.28 £2.03* 12.06 +2.035¢ 13.05 £2.03B
Female 71.53 £2.03% 9.62 +2.03¢ 14.78 +2.03®

APValues differ within responses (P <0.05).
Lsmeans + SEM are presented.
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Table 4.29. Effect of feeding intensity and diet of plasma fatty acid profile.

Mole %

LA 80% RDA
120% RDA

n-3 PUFA Pro: Pre  80% RDA
120% RDA

n-3 PUFA n-6 PUFA n-9 MUFA

13.07 20.61° 27.64 £0.61* 18.55+0.61¢
11.47 £0.61F 21.70 +0.618 14.20 £0.61°
66.05 +1.98* 11.46 +1.98° 12.14 +1.98¢
62.76 £1.98* 10.21 £1.98° 15.69 +£1.98°

AFValues differ within responses (P <0.05).

Lsmeans + SEM are presented.

Table 4.30. Effect of diet, feeding intensity, sex and fasting on plasma ALA content.

ALA, Mole % Non-Fasted Fasted
n-3 PUFA 80% RDA  Male 0.16 £0.05° 0.20 £0.05°
Female 0.14 +0.05° 0.14 +0.05°
120% RDA  Male 0.18 +0.05° 0.17 £0.05°
; Female 0.14 +0.05° 0.13 £0.05¢
n-6 PUFA 80% RDA  Male 0.58 +£0.05"B" 0.39 +0.05°
: Female 0.45 +0.055¢ 0.45 £0.05"B
- 120% RDA  Male 0.53 £0.05"P 0.53 £0.05*
Female 0.64 +0.05" 0.43 £0.05"8
n-9 MUFA . 80%RDA  Male 0.64 +0.05*" 0.44 £0.05%8
Female 0.52 +0.05"" 0.48 +0.05"B
120% RDA  Male 0.48 +0.055%¢ 0.40 £0.05°
Female 0.39 +0.05° 0.35 +£0.05°

AEValues differ within response columns (P <0.05).
" Values differ between non-fasted and fasted mink (P < 0.05).

Lsmeans = SEM are presented.

Table 4.31. Effect of diet, sex and fasting on plasma EPA content.

EPA, Mole % Non-Fasted Fasted
n-3 PUFA Male 2.67 £0.13% 1.57 £0.11%
Female 3.74 £0.11%" 1.70 +0.114
n-6 PUFA Male 0.45+0.11° 0.53 £0.118
Female 0.49 +0.11° 0.36 +0.118
n-9 MUFA Male 0.74 £0.11<P 0.64 £0.11°
Female 0.82 +0.11¢ 0.54 +0.11°

ADValues differ within response columns (P <0.05).
" Values differ between non-fasted and fasted mink (P < 0.05).
Lsmeans = SEM are presented.

Table 4.32. Effect of fasting and feeding intensity of plasma EPA content.

EPA, Mole % 80 % RDA 120% RDA
Non-Fasted 1.60 £0.07% 1.36 £0.07°
Fasted 0.86 +0.07° 0.92 +£0.07°

AL Values differ within responses (P <0.05).
Lsmeans = SEM are presented.

115



4.3.3.2 Liver Fatty Acid Profile

Significant differences in the liver fatty acid profile were found in response to
diet, feeding intensity, sex and fasting (Table 4.33). Liver total SFAs decreased with
fasting and tended to be the lowest in the mink fed the n-9 MUFA diet in both the NF and
F mink (Table 4.34). The proportion of total MUFAs in the livers of the NF mink were
the highest in the mink fed the n-9 MUFA diet at 120% RDA, followed by n-9 MUFA
diet fed at 80% RDA, with lowest levels observed in the mink fed the n-6 PUFA diet.
Fasting decreased total MUFAs, and MUFA percent in the liver was the lowest in the n-6
PUFA fed mink.

The liver UFA: SFA ratio was the highest in the NF mink fed the n-9 MUFA diet,
especially in the mink fed the diet at 120% RDA. The UFA: SFA ratio increased with
fasting. In the fasted mink the ratio was the highest in the mink fed the n-6 PUFA diet at
120% RDA or the n-9 MUFA diet. The n-6: n-3 PUFA ratio in the liver was the highest
in the mink fed the n-6 PUFA diet and lowest in those fed the n-3 PUFA diet and
increased with fasting (Table 4.35). The increase in response to fasting was particularly
high in mink fed at 80% RDA (Table 4.36 and 4.37).

The proportion of total liver n-6 PUFAs was the highest in n-6 PUFA diet group
and lowest in those fed the n-3 PUFA diet (Table 4.38). In the NF mink, the males had a
higher proportion of n-6 PUFAs compared to the females when fed at 80% RDA (Table
4.39). Fasting decreased the liver’s proportion of n-6 PUFAs in all the mink. Within the F
mink, the female mink fed at 120% RDA had the lowest proportion of liver n-6 PUFAs.
The mole % of LA was the highest in the mink fed the n-6 PUFA diet and lowest in the
mink fed the n-3 PUFA diet (Table 4.40). No differences were detected in the NF mink
for the liver AA percentage, while fasting decreased the proportion in the liver and was
the highest in the mink fed the n-6 PUFA diet at 80% RDA. The n-6 PUFA product:
precursor ratio in the livers of the NF mink was the highest in the n-3 PUFA group and
decrease in all groups with fasting.

The total n-3 PUFAs were the highest in the livers of the NF mink fed the n-3
PUFA diet and lowest in those fed the n-9 MUFA diet (Table 4.41). Fasting decreased
this proportion, and the mink fed the n-6 PUFA diet had higher liver total n-3 PUFAs
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than mink fed the n-3 PUFA diet. Increased liver percentage of n-3 PUFA in the males
fed at 120% RDA reflects differences observed in the n-6: n-3 PUFA ratio. The
proportions of ALA were the highest in the mink fed the n-3 PUFA diet regardless of
RDA (Table 4.42), and increased with fasting for mink fed the n-3 PUFA and n-9 MUFA
diets. The increase of ALA with fasting was also observed in the sex and feeding
intensity interaction, with the exception of males fed at 80% RDA, who had the lowest
liver ALA percentage in both the NF and F groups. Fasting decreased the liver EPA
levels (0.18 £0.02% vs. 0.38 £0.02%) and the lower feeding intensity of 80% RDA also
related to lower liver EPA content (0.27+0.02% vs. 0.29 £0.02%). The highest
proportions of EPA were observed in the livers of the mink fed the n-3 PUFA diet.
Fasting decreased the proportion of DHA, and again the proportions were the highest in
the livers of the mink féd the n-3 PUFA diet and lowest in those fed the n-9 MUFA diet.
The liver n-3 PUFA product: precursor ratio was higher in the females than the males, but
fasting reduced both and eliminated the sex different (Table 4.43). Diet influenced the n-
3 PUFA product: precursor ratio, which was the highest in the mink fed the n-3 PUFA
diet and lowest in those fed the n-9 MUFA diet in the NF group. Fasting decreased the
ratio in all the diet groups, and n-3 PUFA group had the highest ratio, followed by mink
fed the n-6 PUFA diet at 80% RDA.
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Table 4.33.b. P-values of the main effects and interactions for liver fatty acid profile.

Highest order significant main effects and interactions are bolded.

Liver Effect ALA EPA DHA n-3 PUFA  n-3 PUFA Pro: Pre
Fast <0.001 <0.001 <0.001 <0.001 <0.001
Sex 0.137 0.472 0.438 0.606 0.402
Fast*Sex 0.096 0.067 0.479 0.460 0.046
Diet <0.001 <0.001 <0.001 <0.001 <0.001
Fast*Diet <0.001 0.350 <0.001 <0.001 0.068
Sex*Diet 0.052 0.184 0.741 0.536 0.174
Fast*Sex*Diet 0.913 0.154 0.216 0.269 0.146
FI 0.002 0.004 0.203 0.537 0.072
Fast*FI 0.558 0.089 0.812 0.402 0.584
Sex*FI 0.613 0.069 0.096 0.004 0.335
Fast*Sex*FI 0.034 0.943 0.733 0.405 0.488
Diet*FI 0.046 0.086 0.710 0.493 0.108
Fast*Diet*FI 0.082 0.290 0.046 0.243 0.007
Sex*Diet*FI 0.478 0.478 0.362 0.279 0.620
Fast*Sex*Diet*FI 0.084 0.831 0.059 0.884 0.051
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Table 4.41. Effect of fasting and diet on liver fatty acid profile.

Mole % n-3 PUFA n-6 PUFA n-9 MUFA

ALA Non-fasted 0.33 £0.07° 1.50 £0.07°8 1.42 +0.078
Fasted 0.51 £0.07° 1.62 £0.0748 1.74 £0.07*

n-3 PUFA  Non-fasted 747 +0.214 5.26+0.218 5.46 +0.218
Fasted 3.39+0.21° 3.93+0.21°¢ 3.73 £0.21°P

A€ Values differ within responses (P <0.05).
Lsmeans = SEM are presented.

Table 4.42. Effect of feeding intensity and diet on liver ALA content.

ALA, Mole % n-3 PUFA n-6 PUFA n-9 MUFA
80% RDA 0.38 £0.07° 1.42 £0.07% 1.57 £0.07%
120% RDA 0.45 +0.07° 1.70 £0.07* 1.59 £0.07*

4B Values differ within responses (P <0.05).
Lsmeans + SEM are presented.

Table 4.43. Effect of fasting and sex of the n-3 PUFA product: precursor ratio.

n-3 PUFA Pro: Pre Male Female
Non-Fasted 7.08 +0.42° 8.34 £0.40%
Fasted 2.12 +£0.40¢ 2.10 £0.40°

A€ Values differ within responses (P <0.05).
Lsmeans = SEM are presented.

4.3.3.3 Mesenteric Fatty Acid Profile

P-values for the main effects and interactions for the fatty acid profile of the
mesenteric fat depot are shown in Table 4.44. Total SFA percent was the highest in the
mink fed the n-3 PUFA diet followed by n-6 PUFA diet and finally the n-9 MUFA diet
(Table 4.45 and 4.46). Fasting decreased the SFA proportion within the mesenteric fat in
both the n-3 PUFA and n-6 PUFA groups. A sex effect was noted in the n-9 MUFA
group with the males having a higher proportion of SFAs. The proportion of MUFAs in
the mesenteric fat was the lowest in mink fed the n-6 PUFA diet regardless of fasting
treatment (Table 4.47).

The UFA: SFA ratio in the mesenteric fat increased with fasting, and was the
highest in mink fed the n-9 MUFA diet group and lowest in the n-3 PUFA diet group in
both F and NF mink groups (Table 4.48). The n-6: n-3 PUFA ratio increased with fasting
in all treatment combinations with the exception the males fed the n-6 PUFA diet at
120% RDA. Generally, the n-6: n-3 PUFA ratio was the highest in mink fed the n-6
PUFA diet.
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The n-6 PUFA proportion of the mesenteric fat depot was the highest in mink fed
the n-6 PUFA diet and lowest in mink fed the n-3 PUFA diet. A sex difference was noted
in the total n-6 PUFAs, where the percentage was higher in females when fed the n-3
PUFA or n-6 PUFA diets and the total n-6 PUFA reflected differences in the mesenteric
18:2n-6. In the F mink, total n-6 PUFAs was higher in the females than males when fed
at 80% RDA (Table 4.49). The same pattern was also observed for the percentage of LA.
In the NF mink the mesenteric proportion of AA was the highest in the mink fed the n-6
PUFA diet and decreased with fasting. Feeding intensity affected the percentage of AA
differently depending on sex, with an increase in the males and a decrease in females
with feeding at 120% RDA (Table 4.50). The mesenteric fat n-6 PUFA product:
precursor ratio in the NF mink was the highest in those fed the n-3 PUFA diet and lowest
in the n-6 PUFA group. The n-6 PUFA product: pre_éursor ratio decreased with fasting,
and mink fed the n-9 MUFA had the lowest ratio. A sex and feeding intensity effect was
observed, with female mink fed 120% having the lowest n-6 PUFA product: precursor
ratio in the mesenteric adipose tissue.

Fasting resulted in a decrease in total n-3 PUFAs in the mesenteric fat depot,
except in males fed the n-9 MUFA diet at 120% RDA. The percentage of total n-3
PUFASs was the highest in the mink fed the n-6 PUFA diet and lowest in those fed the n-3
PUFA diet. The increase in the mesenteric n-3 PUFAs in mink fed the n-6 PUFA and
decrease in the n-3 PUFA fed mink was a result of changes of ALA. A sex difference was
noted in the n-9 MUFA group, with males having a higher proportion of ALA in the
mesenteric depot than females. Fasting decreased the proportion of ALA in the
mesenteric adipose tissue. Feeding intensity did not influence the percent of ALA in the
NF mink, while in the F mink the percentage of ALA was higher in the males fed at
120% RDA and lowest in the males fed at 80% RDA. The mesenteric fat depots
responded to the diets with increased percentage of EPA in the mink fed the n-3 PUFA
diet, with the same levels found in the mink fed the n-6 PUFA or n-9 MUFA diets.
Females had the lowest proportion of EPA, followed by the males fed at 80% RDA.
Fasting resulted in a decrease in the mesenteric fat EPA for both sexes (Table 4.51).
Increasing the feeding intensity reduced the proportion of EPA in NF mink, with fasting

reducing the levels and eliminating the difference between the feeding intensities (Table
124



4.52). Levels of DHA were highest in the mink fed the n-3 PUFA diet, and higher in the
males than females fed the n-6 PUFA and n-9 MUFA diet. Mink fed the n-3 PUFA diet at
either feeding intensity and n-6 PUFA at 120% RDA had a decrease in the percent DHA
with fasting (Table 4.53). In the F mink the highest proportion of DHA was observed in
mink fed the n-3 PUFA diet at 80% RDA and lowest in those fed the n-6 PUFA or n-9
MUFA diet at 120% RDA. The n-3 PUFA product: precursor ratio was higher in the
mink fed the n-3 PUFA diet at 80% RDA compared to 120% RDA, and the lowest ratios
were observed in the mink fed the n-6 PUFA and n-9 MUFA diets (Table 4.54).
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Table 4.44.b. P-values of the main effects and interactions for the fatty acid profile of the
mesenteric fat. Highest order significant main effects and interactions are bolded.

Mesenteric Effect ALA EPA DHA n-3 PUFA Pro: Pre n-3
Fast <0.001 <0.001 <0.001 <0.001 0.187
Sex 0.422 0.003 0.028 0.221 0.443
Fast*Sex 0.413 0.005 0.581 0.545 0.754
Diet <0.001 <0.001 <0.001 <0.001 <0.001
Fast*Diet <0.001 0.224 0.250 0.273 0.084
Sex*Diet 0.044 0.004 0.048 0.110 0.264
Fast*Sex*Diet 0.921 0.203 0.346 0.533 0.920
FI 0.084 0.162 <0.001 0.162 0.003
Fast*FI 0.310 0.033 0.098 0.353 0.928
Sex*F1 0.063 0.036 0.033 0.004 0.117
Fast*Sex*FI 0.001 0.287 0.174 10.026 0.829
Diet*FI 0.120 0.709 0.099 0.057 0.002
Fast*Diet*FI 0.591 0.669 0.025 0.388 0.981
Sex*Diet*FI 0.513 0.332 0.452 0.570 0.064
Fast*Sex*Diet*FI 0.020 0.340 0.149 0.972

0.002

Table 4.45. Effect of fasting and diet on fatty acid profile of the mesenteric fat.

Mole % n-3 PUFA n-6 PUFA n-9 MUFA
SFA Non-fasted 26.37 £0.32% 22.82 +0.32F 18.92 +0.32P

Fasted 23.34 +£0.32° 21.07 £0.32¢ 18.20 +0.32°
AA Non-fasted 0.26 +0.01° 0.30 +0.01* 0.25 +£0.018¢

Fasted 0.17 £0.01F 0.22 +0.01°P 0.21 £0.01°
n-6 PUFA Non-fasted 0.03 +<0.01* 0.01 £<0.01° 0.02 +<0.01°¢
Pro: Pre Fasted 0.02 +<0.01® 0.01 £<0.01°

0.01 +<0.01%

AF Values differ within responses (P <0.05).

Lsmeans + SEM are presented.

Table 4.46. Effect of sex and diet on fatty acid profile of the mesenteric fat.

Mole % n-3 PUFA n-6 PUFA n-9 MUFA
SFA Male 25.31 £0.334 21.97 £0.338 19.51 £0.33°
Female 24.40 +0.33% 21.93 £0.33" 17.60 £0.33P
LA Male 8.57 +0.40° 31.01 +0.408 15.35 +£0.40°¢
Female 8.06 +0.40" 33.68 £0.40" 15.18 +0.40°
n-6 PUFA Male 9.04 +0.41° 31.64 +0.41° 15.86 £0.41°€
Female 8.49 +0.41° 34.22 +0.414 15.61 £0.41°
ALA Male 0.34 +0.07° 2.48 +0.074 2.21 +0.07°
Female 0.30 £0.07° 2.58 +0.07* 1.99 £0.07¢
EPA Male 0.18 £0.01* 0.05 +£0.01¢ 0.05 £0.01¢
Female 0.16 £0.01° 0.03 +0.01° 0.03 +0.01°
DHA Male 0.58 +0.03* 0.30 +0.038 0.30 +0.03"®
Female 0.58 +0.03" 0.22 +0.03¢ 0.24 +0.03€

A Values differ within responses (P <0.05).

Lsmeans + SEM are presented.
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Table 4.47.a. Effect of diet, feeding intensity, sex and fasting on fatty acid profile of the

mesenteric fat.

MUFA, Mole %

Non-Fasted Fasted
n-3 PUFA 80% RDA Male 62.07 £1.09% 66.22 £1.09""
Female 62.65 £1.09% 68.63 +1.09*
120% RDA  Male 61.93 £1.09% 65.63 £1.09*®
Female 64.41 £1.094 66.27 £1.09"®
n-6 PUFA 80% RDA  Male 41.07 £1.09¢ 46.65 +1.09°
Female 39.82 +£1.09¢ 39.58 +1.09%
120% RDA  Male 41.57 £1.09¢ 43.81 +1.09°
Female 38.73 +£1.09%” 45.01 +1.09°
n-9 MUFA 80% RDA Male 60.15 +£1.09%" 63.17 £1.09%€
Female 62.97 £1.09%B 64.49 +1.095¢
120% RDA  Male 61.77 £1.09° 62.12 £1.09¢
Female 63.67 +1.09*

66.10 +£1.09%8

A€ Values differ within response rows (P <0.05).

" Values differ between non-fasted and fasted mink (P <0.05).

Lsmeans + SEM are presented.
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Table 4.50. Effect of feeding intensity and sex on fatty acid profile of the mesenteric fat.

80% RDA 120% RDA
Mole % Male Female Male Female
AA 0.23 0.01° 0.23 £0.017 0.27 £0.01* 0.21 £0.01°
EPA 0.08 +£0.01° 0.08 £0.01¢ 0.10 £0.01* 0.07 £0.01¢
n-6 PUFA Pro: Pre  0.02 £<0.01* 0.02 £<0.014 0.02 £<0.01*  0.01 £<0.01®

A€ Values differ within responses (P <0.05).
Lsmeans £ SEM are presented.

Table 4.51. Effect of fasting and sex on mesenteric fat EPA content.

EPA, Mole % Male Female
Non-Fasted 0.13 £0.01% 0.11£0.018
Fasted 0.06 +0.01¢ 0.04 £0.01°

AD Values differ within responses (P <0.05).
Lsmeans + SEM are presented.

Table 4.52. Effect of fasting and feeding intensity on mesenteric fat EPA content.

EPA, Mole % 80 % RDA 120% RDA
Non-Fasted 0.12 +<0.01* 0.11 +<0.01®
Fasted 0.05 +<0.01¢ 0.05 +<0.01°

A€ Values differ within responses (P <0.05).
Lsmeans + SEM are presented.

Table 4.53. Effect of diet, feeding intensity and fasting on mesenteric fat DHA content.

DHA, Mole % Non-Fasted Fasted
n-3 PUFA 80% RDA 0.82 £0.04"" 0.55 +0.04"
120% RDA 0.57 £0.04*" 0.39 £0.04®
n-6 PUFA 80% RDA 0.29 +0.045¢ 0.33 +£0.045¢
120% RDA 0.24 +0.04°"" 0.17 £0.04%
n-9 MUFA 80% RDA 0.34 +0.04 0.28 +0.04P
120% RDA 0.24 +0.04° 0.24 +0.04°F

AF Values differ within response columns (P <0.05).
" Values differ between non-fasted and fasted mink (P <0.05).
Lsmeans + SEM are presented.

Table 4.54. Effect of feeding intensity and diet on mesenteric fat n-3 PUFA product:
precursor ratio.

n-3 PUFA Pro: Pre n-3 PUFA n-6 PUFA n-9 MUFA
80% RDA 2.89 +0.144 0.16 +0.14° 0.17 £0.14°
120% RDA 1.91 +£0.14"8 0.09 £0.14€ 0.13 +0.14°

A€ Values differ within responses (P <0.05).
Lsmeans + SEM are presented.
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4.4 Discussion

In carnivores such as the mink, feeding history can alter the weight of the body’s
fat reserves and significantly influence their fatty acid profiles (Rouvinen and Kiiskinen
1989; Iverson 2004). Fasting has been shown to be selective with preferential
mobilization of individual fat depots and fatty acids in mink and polecats (Nieminen et al.
2006, 2009). Prior feeding history was shown to alter the development of fatty liver in
mink (see chapter 3). However, the role of the individual fat depots and the mobilization
of the fatty acids in the development of fatty liver is not known in the mink. This study
examined how prior feeding history and fasting altered the weight of the fat depots in

relation to liver lipid content.

4.4.1 Body Composition

Controlling caloric intake, through feeding intensity, altered the body weight and
body composition of the mink in this study, similar to results reported earlier in mink
(Rouvinen-Watt et al. 2004). In both studies, increasing the feeding intensity to 100-
120% RDA generally increased the body weights of the mink compared to the mink fed
at 80% RDA. This was also reflected in the estimated total body fat content of the
animals in the current study. In the 120% RDA group, a larger percent of the increase in
the total body weight was deposited as subcutaneous fat, the most significant fat depot by
mass in mink (Mustonen et al. 2005a, Nieminen et al. 2006). Increases were also noted in
the intermuscular fat deposits and intra-abdominal fat, which reflects increases in the
omental and mesenteric reserves, in the mink fed at 120% RDA compared to those fed at
80% RDA. In relation to the total body fat, an increase in the proportion of mesenteric fat
was observed with the increased feeding intensity compared to the other fat depots. This
suggests that the mesenteric fat depot increases disproportionately more in mass with
increased adiposity and may be a concern regarding liver health. It should be noted that,
like other studies, the reported weights of the fat depots underestimate the actual depot
mass since only visible fat is dissected and weighed (Mustonen et al. 2005a).

Preferential deposition of fat into the various depots is also likely caused by

differences in the activity of enzymes involved in the uptake of fatty acids by adipocytes,
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such as LPL. Boivin et al. (2007) examined the LPL activity in normal and obese men
and found increased LPL activity in the omental fat compared to subcutaneous suggesting
increased capacity for fat deposition in this depot. More pronounced LPL expression in
the mink mesentery would allow for increased deposition in the intra-abdominal fat
compared to subcutancous fat, resulting in an increase in the proportion of visceral
adipose tissue with obesity.

Feeding intensity also affected lean body mass and organs weights, both being
larger in mink fed at 120% RDA compared to mink fed at 80% RDA. This indicates that
not only did feeding intensity alter body fat reserves, but it may have altered the
physiological development of the mink leading to fatter, bigger and bulkier mink. By
early September, mink kits achieve 85 to 90% of the adult body frame size (Rouvinen-
Watt et al. 2005). Feeding intensity during the fall months could alter the remaining
development of mink, which could include larger organs. This was not the case in a
previous study where no differences in organ weights were found (Muise 2008), but the
feeding intensities used in that study did not include a restricted feeding intensity, such as
the 80% RDA used here. No clear indication of an effect of feeding intensity on body
length was found, suggesting that the feeding intensities used either did not influence
skeletal growth or the feeding regimes were started after most of the longitudinal skeletal
growth had been finished.

It is noteworthy that the male mink fed the n-3 PUFA diet were larger than males
fed the n-6 PUFA or n-9 MUFA diets. In a study by Muise (2008), no effect was found
for diet between the experimental feeding intensities of 100 % and 120 % RDA, which
was supported by no differences in feed intake. Another study has noted that dietary oil
source can significantly affect growth rate in mink, however they did not evaluate body
condition or adiposity directly (Kékel4 et al. 2001). In this study the males fed the n-3
PUFA diet consumed more feed towards the end of the study (Table 3.7). Whether this is
due to a taste preference in mink for herring oil or a physiological effect of herring oil is
not clear. The increased feed intake in these animals did result in heavier mink, with
increased adiposity and as a consequence a proportionate decrease in lean body mass.
Along with having higher levels of n-3 LCPUFAs in the n-3 PUFA diet, an increase in

the proportion of SFAs was also observed compare to the other diets. In chickens
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increasing dietary SFA intake has been shown to alter body composition and fat
deposition, with increased SFA: UFA ratio increasing the amount of abdominal fat (Sanz
et al. 1999; Newman et al. 2002). This may also affect mink, as mink fed beef or pork
fat, which is high in SFAs, were found to gain more weight during the fall compared to
mink fed fish or vegetable oils (Kékeld et al. 2001).

Fasting decreased body weight, which was caused by a reduction in both the lean
body mass and fat reserves. Both these reserves would provide energy sources during the
fasting period, with fat providing fatty acids and the lean body mass, particularly muscle
tissue providing amino acids. This is supported by the decreased protein content of
locomotory muscle in observed in fasted mink (Mustonen et al. 2005b). A greater
decrease in the proportion of body fat compared to lean body mass was observed,
suggesting that body fat could be the principal metabolic fuel during fasting in mink.
Within the fat depots, a decrease was observed in the perirenal fat depot, a depot
previously shown to strongly respond to fasting (Mustonen et al. 2005a). Comparing the
percent body weight of the omental and subcutaneous fat depots demonstrated that
omental fat is more readily mobilized, decreasing in the proportion of body weight by
18% versus the 10% in the subcutaneous depot. The mesenteric fat depot did not respond
to fasting as consistently as the other intra-abdominal fat depots. It decreased in relation
to body weight in fasted males fed the n-3 and n-6 PUFA diets and females fed the n-9
MUPFA diets, while males fed the n-9 MUFA diets and females fed the n-3 and n-6 PUFA
diets groups did not show significant change. It has been suggested that subcutaneous fat
helps mink maintain thermal insulation during the colder winter months, and is supported
by an increased mobilization of the subcutaneous fat depots in summer compared to
winter (Mustonen et al. 2005a; Nieminen et al. 2006). Preserving the subcutaneous fat
depot for insulation rather than as an energy source would provide energetic savings for
the mink because of the mink’s long body shape (Mustonen et al. 2005a). Female mink
are at a further disadvantage, because of their smaller body size (Korhonen and Niemeld
1998), and as such would have more energetic benefits from mobilizing intra-abdominal
fat instead of subcutaneous fat. However, in this study there is no indication that there is a
sex difference in the mobilization of the fat reserves in relation to body weight or total

body fat.
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Preferential mobilization of the intra-abdominal fat depots may be a result of
differences in the activity of enzymes involved in the mobilization of fatty acids from
adipocytes such as HSL. Lipase activity tends to be higher in ventral fat depots than
subcutaneous fat in polecats (Mustonen et al. 2009), however it is unclear if this occurs in
the mink due to the lower number of specific ventral and subcutaneous depots tested in
mink (Mustonen et al. 2005a). One factor known to influence lipolysis and HSL activity
in adipocytes is cell size. Reynisdottir et al. (1997) found that lipolytic capacity and
levels of HSL are at least partly determined by adipocyte size, with increasing cell size
increasing HSL expression in humans. Differences in the size of the adipocytes of the
different depots could be present and explain why mink mobilize visceral fat
disproportionately more than subcutaneous. Increasing body fat would result thus in
higher lipolysis levels during periods of severe negative energy balance. Whether mink
show differences in adipocyte size between the different fat depots is currently unknown
and would warrant further study.

For all the mink, fasting resulted in a decrease in small intestine and pancreas
weights, and only mink fed the n-6 PUFA and n-9 MUFA diets demonstrated a decrease
in stomach weight. This is similar to results obtained by Rouvinen-Watt et al. (2010)
except for no changes to kidney or female reproductive tract weights in response to
fasting were observed, but differs from other studies in mink and polecats where no
alterations to organ weights were found (Mustonen et al. 2005a, 2009). Decreases in
thyroid gland weights or increased adrenal gland weights have not been observed in
previous studies (Mustonen et al. 2005a, 2009; Rouvinen-Watt et al. 2010), although
were found in this study. Changes in the weights of the adrenal glands could suggest
endocrinological changes as a result of fasting. Increased adrenal gland weight has been
documented previously in rats fasted for 48 hours with increases in adrenal volume and
cortisol levels (Kmiec et al. 2006). This study observed no effect of fasting on cortisol
levels (Table 3.31), but increased adrenal volume could indicate increased cortisol
production but not increased secretion. Increased adrenal gland mass in males fed at
120% RDA (62.87 nmol/L) compared to 80% RDA (37.04 nmol/L) could be linked to the
increased cortisol production observed in mink fed at 120% RDA.
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4.4.2 Alterations to Fatty Acid Profiles

The fatty acid signatures of mammals reflect the dietary history of the animal, but
are also modified by metabolically demanding events such as fasting (Rouvinen and
Kiiskinen 1989; Nieminen et al. 2006, 2009; Rouvinen-Watt et al. 2010). The interaction
that dietary fat and fasting may have on the development of fatty liver in the mink may be
related to changes in the fatty acid profiles of the liver, plasma and body fat depots.

In this study, like others, an increase in MUFA and decreases in SFA were noted
in the livers of fasted mink compared to non-fasted counterparts (Nieminen et al. 2009;
Rouvinen-Watt et al. 2010). The role of diet was also apparent in the mink with
differences in the n-3 PUFA and n-6 PUFA content of the diet reflecting the fatty acid
profiles of the liver. Within the n-3 PUFA class, the livers of mink fed the n-6 PUFA and
n-9 MUFA had the highest levels of ALA, reflecting the higher levels of this fatty acid in
the diet compared to the n-3 PUFA diet. The opposite was true for the n-3 LCPUFAs,
EPA and DHA, which increased as a result of the higher levels in the n-3 PUFA diet.
Fasting resulted in a decrease in total n-3 PUFAs, and more significantly a decrease in n-
3 LCPUFAs. A decrease in total liver n-3 PUFAs along with EPA and DHA has been
reported in previous fasting studies in mink and polecats (Nieminen et al. 2006, 2009;
Rouvinen-Watt et al. 2010). Increased liver n-6: n-3 PUFA ratio reflected the decrease in
DHA and EPA caused by fasting. Furthermore the dietary influence on the n-6: n-3
PUFA ratio was also observed, with the highest ratios in the mink fed the n-6 PUFA diet
and the lowest in mink fed the n-3 PUFA diet.

Changes to the fatty acid profile of the liver caused by fasting could result from
the mobilization of fatty acids from the fat depots into the plasma and subsequent uptake
by the liver. The plasma fatty acid profile can represent the net mobilization of fatty acids
from the fat reserves during fasting. In this study plasma SFAs and MUFAs increased.
This differs from previous studies and is most likely a result of differences in fatty acid
profiles between the diets used in those experiments and the diets in this study (Nieminen
et al. 2006, 2009; Rouvinen-Watt et al. 2010). In the n-6 PUFA class, diet did influence
the plasma concentration, with the highest levels being found in the n-6 PUFA diet and
lowest in the n-3 PUFA diet. AA decreased with fasting, and increased with feeding
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intensity. The n-3 PUFAs showed fasting differences based on diet. Mink fed the n-3
PUFA diet had a decrease in total n-3 PUFAs and EPA and an increase in DHA from
fasting, while mink fed the n-6 PUFA and n-9 MUFA diets had higher total n-3 PUFAs
as a result of the higher ALA content in the diets compared to the n-3 PUFA diet. Fasting
did not affect plasma levels of EPA in mink fed the n-6 PUFA or n-9 MUFA diets. The
plasma n-6: n-3 PUFA ratios decreased with fasting only in the mink fed the n-6 PUFA
or n-9 MUFA diets. Differences in the mobilization of the fatty acids from the adipose
tissue depots shows that preferential mobilization is controlled not only by fatty acid
chain length, degree of desaturation and location of double bonds (Raclot 2003), but also
by the dietary history as it in turn influences fatty acid mobilization.

Due to preferential deposition and mobilization of fatty acids from the different
fat depots (Mustonen et al. 2007; Nieminen et al. 2006), examining the fatty acid profile
of the depots helps clarify changes in the fatty acid reserves from increased adiposity or
fasting. Of these depots, the mesenteric fat is the largest visceral fat depot in mink, which
is a concern in the development of fatty liver in humans (Westphal 2008). Thus,
examining the changes in this dynamic depot could help better understand the
physiological role visceral fat plays in the development of fatty liver in the mink. The
mesenteric fat depot and the other intra-abdominal depots are known to contain higher
proportions of SFA and lower proportions of total PUFAs compared to the subcutaneous
fat depots (Mustonen et al. 2007). In this study, the composition of this depot was
modified by diet, indicating that this depot can increase its levels of n-3 PUFA which
may play a role as a reserve during periods of food deprivation. Fasting caused a decrease
in SFAs, AA, and ALA regardless of diet. The other n-3 PUFAs demonstrate a different
picture where fasting decreased EPA and DHA in mink fed the n-3 PUFA diet, but not
the n-6 PUFA or n-9 MUFA diet. Decreasing proportions of n-3 PUFA represent
increased mobilization of these fatty acids into the blood circulation. This could indicate
that mink fed the n-6 PUFA or n-9 MUFA diets did not have adequate dietary EPA and
DHA to build up enough reserves to show the same changes in n-3 PUFAs as did the
mink fed the n-3 PUFA diet. This is supported by other studies by Nieminen et al. (2006,
2009), who found differences in the mesenteric profile following fasting showing higher

EPA and/or DHA levels than mink fed the n-6 PUFA and n-9 MUFA diets. Of the n-3
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and n-6 PUFA classes, EPA and AA are preferentially mobilized over the other fatty
acids in human adipose tissue (Raclot 1997, Raclot et al. 2001).

The type of dietary n-3 fatty acids provided to mink also needs to be considered.
A lack of the A6 desaturase enzyme in cats prevents the elongation of ALA or LA
(Rivers et al. 1975) and this may also be the case in mink. In this study dietary fatty acid
source greatly influenced the product: precursor ratios, with mink fed n-3 PUFAs having
the highest proportions due to the higher content of AA, EPA and DHA and lower
content of LA and ALA compared to the other diets. This is supported by earlier findings
by Kikeli et al. (2001) who showed that the mink are likely unable to adequately produce
EPA and DHA from ALA, and will require a dietary source of EPA and DHA in order to

accumulate these fatty acids in their tissues.

4.4.3 Role of Lipid Mobilization in the Development of Fatty Liver

One of the most common traits associated with the development of fatty liver is
excessive body fat in mink, cats, and humans (Hunter and Barker 1996; Marceau et al.
1999; Armstrong and Blanchard 2009). Visceral fat has been identified as a depot of
concern for the development of fatty liver and other metabolic disorders in humans
(Jeong et al. 2008). Mink readily mobilize this depot during fasting while also
accumulating fat within the liver (Mustonen et al. 2005a; Rouvinen-Watt et al. 2010).
The disproportionate mobilization of lipids from the visceral depots is concerning since
the NEFAs released will enter the portal circulation to the liver where hepatocytes can
absorb them (Smith and Schenk 2000). The liver helps buffer increasing plasma NEFAs
from body fat mobilization by increasing absorption (Bradbury 2006). The net effect
though can be damaging to the liver by causing the development of fatty liver. Feeding
intensity increases the quantity of body fat in both the visceral and subcutaneous depots
and the development of obesity. The effects of fasting were augmented by feeding at the
higher feeding intensity. The consequential increased mobilization of the visceral fat
depot could further overwhelm the liver leading to the increased liver lipid content seen
in the fasted mink fed at 120% RDA compared to those fed at 80% RDA.

Dietary fatty acids likely play a role in fatty liver disease, especially the n-3

PUFAs (El-Badry et al. 2007). Decreases in n-3 LCPUFAs, EPA and DHA were
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observed in the livers of fasted mink. Increasing the dietary intake of EPA and DHA
increased the levels found in the liver and the levels of EPA and DHA remained
relatively high despite decreases caused by fasting. Increased feeding of the n-3 PUFAs
did alter the composition of the mesenteric depot, and served as a source of DHA and
EPA during fasting. Mink fed diets low in DHA and EPA, seen in this study with the n-6
PUFA and n-9 MUFA diets did not show decreases in the proportion of EPA and DHA in
the mesenteric fat. The low levels found in these depots suggest that there was not a large
enough reserve before fasting to allow for the preferential mobilization during fasting to
occur or be observed. Other studies have noted a decrease in n-3 PUFAs and increased
n-6: n-3 PUFA ratio in the liver and fat depots of mink and polecats (Nieminen et al.
2006, 2009; Rouvinen-Watt et al. 2010). Maintaining a good dietary source of EPA and
DHA is important, as human fatty liver disease is associated with the same changes in n-3
PUFAs as seen in this study and in polecats (Araya et al. 2004; Nieminen et al. 2009).
Furthermore, mink are likely unable to sufficiently elongate ALA, the precusor fatty acid
for EPA and DHA and would require a dietary source of EPA and DHA (Kikeld et al.
2001). The benefit of n-3 PUFAs in increasing fatty acid oxidation and decreasing fatty
acid synthesis, possibly through increasing PPAR-a levels, has been shown to prevent or
ameliorate fatty liver in humans (Lindén et al. 2002; Levy et al. 2004; Alwayn et al.
2005; Capanni et al. 2006; El-Badry et al. 2007). The role of n-3 LCPUFA and dietary
need being taken into consideration together may explain why the mink fed at 120%
RDA did not develop as severe fatty liver when given the n-3 PUFA diet, compared to
the mink fed the n-6 PUFA or n-9 MUFA diets.

The mobilization of lipids in mink is preferentially from the visceral depots
(Mustonen et al. 2005a; Rouvinen-Watt et al. 2010) which could mean that increasing the
n-3 LCPUFA content of these depots is beneficial in maintaining a delivery of EPA and
DHA to the liver during fasting. Examining the fatty acid profiles of the other fat depots
in the mink, such as subcutaneous, intermuscular, omental and perirenal would give a
better understanding of the deposition and mobilization of fatty acids in mink in relation
to feeding intensity, diet and fasting. This will also clarify the possible role of increasing

dietary EPA and DHA supply to increase the availability of n-3 PUFAs during fasting.
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4.5 Conclusion

Increasing feeding intensity increased mink body fat content, with a
disproportionate increase in the visceral fat. This can negatively affect the liver since the
mobilized fatty acids from the omental and mesenteric fat will enter the portal circulation
and be delivered directly to the liver. By preventing the excessive accumulation of
visceral fat through restricted feeding the severity of the fatty liver could be decreased,
likely from decreased fatty acid delivery. Dietary fatty acids were strongly reflected in
the fatty acid profiles of the plasma, liver and mesenteric fat. Feeding higher levels of
EPA and DHA increased the content in the liver and mesenteric fat depot, and helped
maintain higher levels during food deprivation. Higher liver EPA and DHA levels likely
contributed to decreasing liver lipid accumulation in overweight mink fed the n-3 PUFA
diet. In this study, feeding mink at 80% RDA decreased body fat and the severity of
fasting-induced fatty liver compared to those fed at 120% RDA. Additionally, increased
EPA and DHA levels of the liver and mesenteric fat depot was observed in the mink fed
the n-3 PUFA diet, with these levels maintained during fasting. The n-3 LCPUFAs, EPA
and DHA, in the n-3 PUFA diet may have helped the liver by promoting fatty acid
oxidation resulting in the lower lipid accumulation in these mink compared to the mink
fed the n-6 PUFA or n-9 MUFA diets when the diets were fed at 120% RDA. In
conclusion, maintaining an ideal body condition and increasing the dietary intake of n-3
LCPUFAs may help during periods in the production cycle when the mink may have an
increased risk of developing fatty liver, such as autumnal fattening, conditioning for

breeding, and lactation.
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CHAPTER 5. Conclusion

In this study, altering the feeding intensity affected the weight of the mink. Mink
fed at 80% RDA lost weight during the fall period, and only the males fed at 120% RDA
gained weight. Changes in the body weights of the mink were directly reflected in the
changes in their body fat content. The mink remained normoglycemic throughout the
feeding trial. No difference in the liver lipid content of the mink fed at 80% or 120%
RDA was detected among the non-fasted animals.

Fasting for five days resulted in the development of fatty liver in mink. However
in this study, other than the lipid accumulation, the haematorlogy and clinical chemistry
indicated that mink were otherwise healthy. Fasting resulted in the mobilization of the
body fat reserves, with a disproportionate increase in the mobilization of the visceral fat.
The increased lipolysis caused by fasting increased plasma NEFAs. The rapid
mobilization of the fat reserves is likely the principal mechanism in the development of
fasting-induced fatty liver in mink. The increased adiposity of the mink fed at 120%
RDA contributed to increased lipid accumulation during fasting, demonstrating a role for
obesity in the development of fatty liver, possibly due to augmented lipolysis of the fat
depots.

Increasing dietary intake of n-3 LCPUFAs, EPA and DHA, increased the content
of these fatty acids in mink livers and mesenteric fat. The proportions of n-3 LCPUFAs
remained relatively high despite decreases in these fatty acids caused by fasting. This was
found to be beneficial to the mink, as the animals fed the n-3 PUFA diet at 120% RDA
had lower liver lipid accumulation than the rest of the mink fed at the same feeding
intensity. The role of n-3 PUFAs could involve increasing PPAR-a, which may increase
the expression of enzymes involved in B-oxidation and VLDL secretion.

In conclusion, the findings in this study indicate that the development of fasting-
induced fatty liver in mink can be modulated through dietary management. It is
recommended to avoid overconditioning of mink during the fall to prevent the
development of fatty liver. Furthermore, increasing dietary intake of EPA and DHA may
promote fatty acid oxidation in the liver, which can help decrease the severity of fatty

liver in mink. The most important factor in preventing the development of fatty liver in
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mink is avoiding disruption of normal feed intake as this leads to rapid mobilization of

body fat.

142



REFERENCES

Abdelmalek MF, Diehl AM. Nonalcoholic fatty liver disease as a complication of insulin
resistance. Med Clin North Am 2007;91:1125-1149.

Ackman RG. 1992. Application of gas-liquid chromatography to lipid separation and
analysis: qualitative analysis. In: Chow CK (Ed.) Fatty Acids in Foods and Their Health
Implications. Marcel Dekker, New York.

Adams LA, Angulo P, Lindor KD. Nonalcoholic fatty liver disease. CMAJ
2005;172:899-905.

Ahima RS, Prabakaran D, Mantzoros C, Qu D, Lowell B, Maratos-Flier E, Flier JS. Role
of leptin in the neuroendocrine response to fasting. Nature 1996;382:250-252.

Allard JP, Aghdassi E, Mohammed S, Raman M, Avand GM, Arendt BM, Jalali P,
Kandasamy T, Prayitno N, Sherman M, Guindi M, Ma GWL, Heathcote JE. Nutritional
assessment and hepatic fatty acid composition in non-alcoholic fatty liver disease
(NAFLD): a cross-sectional study. J Hepatol 2008;48:300-307.

Alwayn IPJ, Gura K, Nosé V, Zausche B, Javid P, Garza J, Verbesey J, Voss S, Ollero
M, Andersson C, Bistrain B, Folkman J, Puder Mark. Omega-3 fatty acid
supplementation prevents hepatic steatosis in a murine model of non-alcoholic fatty liver
disease. Prediatr Res 2005;57:445-452.

Araya J, Rodrigo R, Videla L, Thielemann L, Orellana M, Pettinelli P, Poniachik J.
Increase in long-chain polyunsaturated fatty acid n-6/n-3 ratio in relation to hepatic
steatosis in patients with non-alcoholic fatty liver disease. Clin Sci 2004;106:635-643.

Armstrong PJ, Blanchard G. Hepatic lipidosis in cats. Vet Clin Small Anim 2009;39:599-
616.

Benoit-Biancamano M-O, Morin M, Langlois 1. Histopathologic lesions of diabetes
mellitus in a domestic ferret. Can Vet J 2005;46:895-897.

Berestov V, Brandt A. 1989. Erythrocytes and Leucocytes. In: Brandt A (Ed).
Haematology and Clinical Chemistry of Fur Animals. Gummerus Kirjapaino Oy,
Jyviskyld, Finland.

Biourge V, MacDonald MJ, King L. Feline hepatic lipidosis: pathogenesis and nutritional
management. Comp Cont Educ 1990;12:1244-1258.

Biourge V, Nelson RW, Feldman EC, Willits NH, Morris JG, Rogers QR. Effect of

weight gain and subsequent weight loss on glucose tolerance and insulin response in
healthy cats. J Vet Intern Med 1997;11:86-91.

143



Bjornvad CR, Elnif J, Sanglid PT. Short term fasting induces intrahepatic lipid
accumulation and decrease intestinal mass without reduced brush-border enzyme activity
in mink (Mustela vison) small intestine. ] Comp Physiol B 2004;174:625-632.

Boivin A, Brochu G, Marceau S, Marceau P, Hould FS, Tchemof A. Regional differences
in adipose tissue metabolism in obese men. Metabolism 2007;56:533-540.

Braeuning A, Ittich C, Kéhle C, Hailfinger S, Bonin M, Buchmann A, Schwarz M.
Differential gene expression in periportal and perivenous mouse hepatocytes. FEBS J
2006;273:5051-5061.

Bradbury MW. Lipid metabolism and liver inflammation. I. Hepatic fatty acid uptake:
possible role in steatosis. Am J Physiol Gastrointest Liver Pysiol 2006;290:G194-G198.

Brody T. Nutritional Biochemistry. 2" Ed. 1999. Academic Press, USA.
Brunt EM. Nonalcoholic steatohepatitis. Semin Liver Dis 2004;24:3-20.

Brunt EM, Janney CG, Di Bisceglie AM, Neuschwander-Tetri BA, Bacon BR.
Nonalcoholic steatohepatitis: a proposal for grading and staging the histological lesions.
Am J Gastroenterol 1999;94:2467-2474.

Bugianesi E, Marchesini G, Gentilcore E, Cua IHY, Vanni E, Rizzetto M, George J.
Fibrosis in genotype 3 chronic hepatitis C and non-alcoholic fatty liver disease: role of
insulin resistance and hepatic steatosis. Hepatology 2006;44:1648-1655.

Bugianesi E, Leone N, Vanni E, Marchesini G, Brunello F, Carucci P, Musso A, De
Paolis P, Capussotti L, Salizzoni M, Rizzetto M. Expanding the natural history of
nonalcoholic steatohepatitis: from cryptogenic cirrhosis to hepatocellular carcinoma.
Gastroenterology 2002;123:134-140.

Burt AD, Mutton A, Day CP. Diagnosis and interpretation of steatosis and steatohepatitis.
Semin Diagn Pathol 1998;15:246-258.

Cagnon L, Braissant O. Hyperammonemia-induced toxicity for the developing central
nervous system. Brain Res Rev 2007;56:183-197.

Canadian Council on Animal Care (CCAC). 1993. The care and use of experimental
animals, vol 1. Olftert ED, Cross BM, McWilliam AA (eds). CCAC, Ottawa.

Capanni M, Callela F, Biagini MR, Genise S, Raimond L, Bedogni G, Svegliati-Baronis
G, Sofi F, Milani S, Abbate R, Surrenti C, Casini A. Prolonged n-3 polyunsaturated fatty
acid supplementation ameliorates hepatic steatosis in patients with non-alcoholic fatty
liver disease: a pilot study. Aliment Pharacol Ther 2006;23:1143-1151.

144



Carlsson, L, Lindén D, Masoumeh J, Oscarsson J. Effects of fatty acids and growth
hormone on liver fatty acid-binding protein and PPARa in rat liver. Am J Physiol
2001;281:E772-E781.

Carpenter JW, Novilla MN. Diabetes mellitus in a black-footed ferret. ] Am Vet Med
Assoc 1977;171:890-893.

Cederbaum SD, Yu H, Grody WW, Kern RM, Yoo P, Iyer RK. Arginases I and II: do
their functions overlap? Mol Genet Metab 2004;81:S38-S44.

Chalasani N, Wilson L, Kleiner DE, Cummings OW, Brunt EM, Unalp A. Relationship
of steatosis grade and zonal location to histological features of steatohepatitis in adult
patients with non-alcoholic fatty liver disease. J Hepatol 2008:48:829-834.

Chang NW, Huang PC. Effects of the ratio of polyunsaturated and monounsaturated fatty
acid to saturated fatty acid on rat plasma and liver lipid concentrations. Lipids
1998;33:481-487.

Chanin PRF, Linn I. The diet of feral mink (Musteal vison) in southwest Britain. J Zool
Lond 1980;192:205-223.

Chibber VL, Soriano C, Tayek J. Effects of low-dose and high-dose glucagon on glucose
production and gluconeogenesis in humans. Metabolism 2000;49:39-46.

Christice WW. 1993. Preparation of ester derivatives of fatty acids for chromatographic
analysis. In: Christie, WW (Ed.) Advances in Lipid Methodology- Two. Oily Press,
Dundee.

Clark JM, Brancati FL, Diehl AM. Nonalcoholic fatty liver disease. Gastroenterology
2002;122:1649-1657.

Clausen TN, Sandbgl P. Correlation between liver fat and dry matter in mink (Mustela
vison). Poster Presentation VIII International Scientific Congress in Fur Animal
Production, Den Bosch, The Netherlands, September 15-18. Scientifur 2004;28:168-169.

Clausen TN, Sandbgl P. Fasting of mink kits fed different feed rations and its effect on
liver fat content, plasma metabolites and enzymes. Proceedings of the Nordic Association
of Agricultural Scientists (NJF) Seminar, Sweden, 2005; 5p.

Clausen TN, Sandbgl P. Fasting of male mink after mating. Influence on liver fat and
blood ketone content. Proceedings of the Nordic Association of Agricultural Scientists
(NJF) Seminar, Iceland, 2006; 4p.

Clausen TN, Sandbgl P, Jeklesen C. Body score of females in the winter and breeding
period. Annual Report 2006, Danish Fur Breeder’s Research Center, Denmark.
Scientifure 2007;31:40.

145



Clausen TN, Olesen CR, Hansen O, Wamberg S. Nursing sickness in lactating mink
(Mustela vison) 1. Epidemiological and pathological observations. Can J Vet Res
1992;56:89-94.

Cornelius LM, Jacobs G. 1989. Feline hepatic lipidosis. In Kirk R, ed. Current Veterinary
Therapy, Vol. 10. W. B. Saunders. Philadelphia.

Cortez-Pinto H, Camilo ME, Baptista A, Oliverira AG, Moura MC. Non-alcoholic fatty
liver: another feature of the metabolic syndrome? Clin Nutr 1999;18:353-358.

Cullen JM, van den Ingh TSGAM, Van Winkle T, Charles JA, Desmet VJ. 2006.
Morphological classifications of parenchymal disorders of the canine and feline liver: 1
Normal histology, reversible hepatocytic injury and hepatic amyloidosis. In: Rothuizen J,
Bunch SE, Charles JA, Cullen JM, Edesmet VJ, Szatmari V, Twedt DC, van den Ingh
TSGAM, Van Winkle T, Washabau RJ (Eds). WSAVA Standards for Clinical and
Histological Diagnosis of Canine and Feline Liver Disease. Elsevier Philadelphia.

Damgaard BM, Clausen TN, Jensen SK, Engberg RM. Fatty fish and defatted fish
products for male mink (Mustela vison) in the growing-furring period. Acta Agric Scand
Sect A, Animal Sci 2000;50:19-29.

Damgaard BM, Hansen SW, Bersting CF, Maller SH. Effects of different feeding
strategies during the winter period on behaviour and performance in mink females
(Mustela vison). Appl Anim Behav Sci 2004;89:163-180.

Dam-Larsen S, Franzmann M, Andersen IB, Christoffersen P, Jensen LB, Serensen TIA,
Becker U. Long term prognosis of fatty liver: risk of chronic liver disease and death. Gut
2004;53:750-755.

Davignon J, Cohn JS, Mabile L, Bernier L. Apolipoprotein E and atherosclerosis: insight
from animal and human studies. Clin Chim Acta 1999;286:115-143.

Day CP. Pathogenesis of steatohepatitis. Best Prac Res Clin Gastroenterol 2002;16:663-
678.

Day CP, James OFW. Hepatic steatosis: innocent bystander or guilty party? Hepatology
1998a;27:1463-1466.

Day CP, James OFW. Steatohepatitis: a tale of two “hits”? Gastroenterology
1998b;114:842-845.

Dimiski DS, Taboada J. Feline idiopathic hepatic lipidosis. Vet Clin North Am Small
Anim Pract 1995;25:357-373.

146



Dixon JB, Bhathal PS, Hughes NR, O’Brien PE. Nonalcoholic fatty liver disease:
improvement in liver histological analysis with weight loss. Hepatology 2004;39:1647-
1654.

El-Badry AM, Grad R, Clavien PA. Omega 3 — Omega 6: What is right for the liver? J
Hepatol 2007;47:718-725.

Eagle TC, Whitman JS. Mink. 1999 In: Novak M, Baker JA, Obbard ME, Malloch B
(Eds). Wild Furbearer Management and Conservation in North America. Ontario Fur
Managers Federation. Peterborough.

Elliot WH, Elliot DC. Biochemistry and Molecular Biology 3™ Ed. 2005. Oxford
University Press, New York.

Fascetti AJ, Mauldin GE, Mauldin GN. Correlation between serium creatine kinase
activities and anorexia in cats. J Vet Intern Med 1997;11:9-13.

Ferguson DC, Caffall Z, Hoenig M. Obesity increase free thryoxine proportionally to
nonesterified fatty acid concentrations in adult neutered female cat. J Endocrinol
2007;194:267-273.

Fettman MJ, Rebar A. 2004. Chapter 21 Laboratory evaluation of renal function. In:
Thrall MA, Baker DC, Fettman MJ, Lassen ED, Rebar A, Weiser G (Eds). Veterinary
hematology and clinical chemistry. Lippincott Williams & Wilkins. Philadelphia.

Fink R, Bersting CF. Quantitative glucose metabolism in lactating mink (Mustela vison)-
Effects of dietary levels of protein, fat and carbohydrates. Acta Agric Scand Sect A,
Animal Sci 2002;52:34-42.

Folch J, Lees M, Stantley GHS. A simple method for the isolation and purification of
total lipides from animal tissues. J Biol Chem.1957;226:497-509.

Friedman J, Halaas JL. Leptin and the regulation of body weight in mammals. Nature
1998;395:763-770.

Friedman SL. Molecular regulation of hepatic fibrosis, an integrated cellular response to
tissue injury. J Biol Chem 2000;275:2247-2250.

Gagne J, Weiss DJ, Armstrong PJI. Histopathologic evalutation of feline inflammatory
liver disease. Vet Pathol 1996;33:521-526.

Giannini EG, Testa R, Savarino. Liver enzyme alteration: a guide for clinicians. CMAJ
2005;172:367-369.

Griffin B. Feline hepatic lipidosis: treatment recommendations. Compendium
2000a;22:910-922.

147



Griffin B. Feline hepatic lipidosis: pathophysiology, clinical signs and diagnosis.
Compendium 2000b;22:849-858.

Guzman M, Bijleveld C, Geelen MJH. Flexibility of zonation of fatty acid oxidation in
rat liver, Biochem J 1995;311:853-860.

Hall JA, Barstad LA, Connor WE. Lipid composition of hepatic and adipose tissues from
normal cats and from cats with idiopathic hepatic lipidosis. J Vet Intern Med
1997;11:238-242.

Hashimoto T, Cook W, Anjana CQ, Yeldandi AV, Reddy JK, Rao MS. Defect in
peroxisome proliferator-activated receptor-a inducible fatty acid oxidation determines the
severity of hepatic steatosis in response to fasting. J Biol Chem 2000;275:28918-28928.

Hatzitolios A, Savapoulus C, Lazarki G, Sidiropoulos I, Haritanti P, Lefkpoulos A,
Karagiannopoulou G, Tzioufa V, Dimitrios K. Efficacy of omega-3 fatty acids,
atorvastatin and orlistat in non-alcoholic fatty liver disease with dyslipidemia. Indian J
Gastroenterol 2004;23:131-134.

Hearn TL, Sgoutas SA, Hearn JA, Sgoutas DS. Polyunsaturated fatty acids and fat in fish
flesh for selecting species for health benefits. J Food Sci 1987;52:1209-1211.

Hillyer E. Ferret endocrinology. In: Kirk RW, Bonagura JD (Eds). Current Veterinary
Therapy XI: Small Animal Practice. Philadelphia: WB Saunders, 1992:1185-1188.

Hoenig M, Thomaseth K, Waldron M, Ferguson DC. Fatty acid turnover, substrate
oxidation, and heat production in lean and obese cats during the euglycemic
hyperinsulinemic clamp. Domest Anim Endocrinolo 2007;32:329-338.

Hunter DB. Mink Hematology and Clinical Biochemistry. 1996. In: Hunter B, Lemieux
N (Eds) Mink ... biology, health and disease. University of Guelph Graphic and Print
Services, Guelph

Hunter DB. Mink health and disease: challenges and accomplishments, a Canadian
perspective. IX International Scientific Congress in Fur Animal Production. International
Fur Animal Scientific Association. Halifax, NS, Canada. August 19-23, 2008. Scientifur
2008;32:200-204.

Hunter B, Barker IK. Digestive System of Mink. 1996. In: Hunter B, Lemieux N (Eds).
Mink ... biology, health and disease. University of Guelph Graphic and Print Services,
Guelph

Hsu WH, Hembrough FB. Intravenous glucose tolerance test in cats: influenced by
acetylpromazine, ketamine, morphine, thiopental, and xylazine. Am J Vet Res
1982;43:2060-2061.

148



Hynes A, Rouvinen-Watt K. Monitoring blood glucose levels in female mink during the
reproductive cycles: 1. Prevention of hyperglycemia during the nursing period. Can Vet J
Res 2007;71:241-248.

Ibrahim WH, Szabo J, Sunvold GD, Kelleher JK, Bruckner GG. Effect of dietary protein
quality and fatty acid composition on plasma lipoprotein concentrations and hepatic
triglyceride fatty acid synthesis in obese cats undergoing rapid weight loss. Am J Vet Res
2000;61:566-572.

Iredale JP. Models of liver fibrosis: exploring the dynamic nature of inflammation and
repair in a solid organ. J Clin Invest 2007;117:539-548.

Iverson SJ, Field C, Bowen WD, Blanchard W. Quantitative fatty acid signature analysis:
~ anew method of estimating predator diets. Ecol Monogr 2004;74:211-235.

. Jacobs G, Cornelius L, Allen S, Greene C. Treatment of idiopathic hepatic lipidosis in
cats: 11 cases (1986-1987). J Am Vet Med Assoc 1989;195:635-638.

~ Jaso-Friedmann L, Leary JH, Praveen K, Waldron M, Hoening. The effects of obesity
and fatty acids on the feline immune system. Vet Immunol Immunopathol 2008;122:146-
152.

Jensen MD, Haymond MW, Rizza RA, Cryer PE, Miles JM. Influence of body fat
distribution on free fatty acid metabolism in obesity. J Clin Invest 1989;83:1168-1173.

Jeong SK, Kim YK, Park JW, Shin YJ, Kim DS. Impact of visceral fat on the metabolic
syndrome and nonalcoholic fatty liver disease. J Korean Med Sci 2008;23:789-795.

Jevon GP. Dimmick JE. 1998. Histopathologic approach to metabolic liver disease: Part
2. Pediatr Dev Pathol 1998;1:261-269.

Jungermann K, Kietzmann T. Oxygen: Modulator of metabolic zonation and disease of
the liver. Hepatology 2000;31:255-260.

Kahn BB, Flier J. Obesity and insulin resistance. J Clin Invest 2000;106:473-481.
Kikeld R, Hyvidrinen H. Composition of polyunsaturated fatty acids in the liver of
freshwater and marine ringed seals (Phoca hispida ssp.) differs largely due to the diet of
the seals. Comp Biochem Physiol B 1998;120:231-237.

Kikeld R, Polonen I, Miettinen M, Asikainen K. Effects of different fat supplements on

growth and hepatic lipids and fatty acids in male mink. Acta Agric Scand Sect A, Animal
Sci 2001;51:217-223.

149



Kannan K, Newsted J, Halbrook RS, Giesy JP. Perfluorooctanesulfonate and related
fluorinated hydrocarbons in mink and river otters from the United States. Environ Sci
Technol 2002;36:2566-2571.

Kern PA, Saghizadeh M, Ong JM, Bosch RJ, Deen R, Simsolo RB. The expression of
tumor necrosis factor in human adipose tissue. Regulation of obesity, weight loss and
relationship to lipoprotein lipase. J Clin Invest 1995;95:2111-2119.

Kersten S, Seydoux J, Peters JM, Gonzalez FJ, Desvergne B, Wahli W. Peroxisome
proliferator-activated receptor a mediates the adaptive response to fasting. J Clin Invest
1999;103:1489-1498.

Kleiner DE, Brunt EM, Natta MV, Behling C, Contos M, Cummings OW, Ferrell LD,
Liu YC, Torbenson MS, Unalp-Arida A, Yeh M, McCullough AJ, Sanyal A. Design and
validation of a histological scoring system for non-alcoholic fatty liver disease.
Hepatology 2005;41:1313-1321.

Kmiec Z, Pokrywka L, Kotlarz G, Mysliwski A. The effects of fasting and refeeding on
adrenal cortex morphometry and serum concentrations of ACTH and corticosterone in
young and old male rats. J Physiol Pharamcol 2006;57:S77-S84.

Korhonen H, Niemeli P. Effect of feeding level during autumn and winter on breeding
weight and result in single and pair-housed minks. Agr Food Sci Finland 1997;6:305-312.

Korhonen H, Niemel4 P. Effect of ad libitum and restrictive feeding on seasonal weight
changes in captive mink (Mustela vison). J Anim Physiol a. Anim Nutr. 1998;79:269-
280.

Korhonen H, Harri M, Mononen J. Regulation of weight loss in male farm mink. Comp
Biochem Physiol 1989;92A:355-357.

Koskinen N, Lassén TM. The occurrence of fatty livers and the influence of feeding, feed
composition and quality on fatty liver syndrome of fur animals. Proceedings of the
Nordic Association of Agricultural Scientists (NJF) Seminar, Iceland 2006; 14p.

Krey G, Braissan O, L’Horset F, Kalkhoven E, Perroud M, Parker MG, Wahli W. Fatty
acids, eicosanoids, and hypolipidemic agents identified as ligands of peroxisome
proliferator-activated receptors by coactivator-dependent receptor ligand assay. Mol
Endocrinol 1997;11:779-791.

Kris-Etherton P. Monounsaturated fatty acids and risk of cardiovascular disease. Am
Heart Assoc 1999;100:1253-1258.

Levy JR, Clore JN, Steven W. Dietary n-3 polyunsaturated fatty acids decrease hepatic
triglycerides in Fischer 344 rats. Hepatology 2004;38:608-616.

150



Li D, Ng A, Mann NJ, Sinclair AJ. Contribution of meat fat to dietary arachidonic acid.
Lipids 1998;33:437-440.

Lindén D, Lindberg K, Oscarsson J, Claesson C, Asp L, Li M, Gustafsson M, Borén,
Olofsson SO. Influence of peroxisome proliferator-activated receptor a agonists on the
intracellular turnover and secretion of apolipoprotein (Apo) B-100 and Apo-B48. J Biol
Chem 2002;277:23044-23053.

Maffei M, Halaas J, Ravussin E, Prately RE, Lee GH, Zhang Y, Fei H, Kim S, Lallone
R, Ranganathan S, Kern PA, Friedman JM. Leptin levels in human and rodent.

Measurement of plasma leptin and ob RNA in obese and weight-reduced subjects. Nat
Med 1995;1:1155-1161.

Malinska H, Oliyarnyk O, Hubova, Zidek V, Landa V, Simakova M, Mlejnek P,
Kazdova L, Kurtz TW, Pravenec M. Increased liver oxidative stress and altered PUFA
metabolism precede development of non-alcoholic steatohepatitis in SREBP-1a

transgenic spontaneously hypertensive rats with genetic predisposition to hepatic
steatosis. Mol Cell Biochem 2010;335:119-125.

Marceau P, Biron S, Hould FS, Marceau S, Simard S, Thung SN, Kral JG. Liver
pathology and the metabolic syndrome X in severe obesity. J Clin Endocrinol Metab
1999;84:1513-1517.

Mason TM. The role of factors that regulate the synthesis and secretion of very-low-
density-lipoprotein by hepatocytes. Crit Rev Clin Lab Sci 1998;35:461-487.

Mathews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC.
Homeostasis model assessment: insulin resistance and beta-cell function from plasma
glucose and insulin concentrations in man. Diabetologia 1985;28:412-419.

Matteoni CA, Younossi ZM, Gramlich T, Boparai N, Yao CL, McCullough AlJ.
Nonalcoholic fatty liver disease: a spectrum of clinical and pathological severity.
Gastroenterology 1999;116:1413-1419.

Maugeais C, Tietge UJF, Tsukamoto K, Glick JM, Rader DJ. Hepatic apolipoprotein E
expression promotes very low density lipoprotein-apolipoprotein B production in vivo in
mice. J Lipid Res 2000;41:1673-1679.

McAuley KA, Williams SM, Mann JI, Walker RJ, Lewis-Barned NJ, Temple LA,
Duncan AW. Diagnosing insulin resistance in the general population. Diabetes Care
2001;24:460-464.

McCuskey RS, Ito Y, Robertson GR, McCuskey MK, Perry M, Farrel GC. Hepatic

microvascular dysfunction during evolution of dietary steatohepatitis in mice. Hepatology
2004;40:386-393.

151



Mitchell J, Rouvinen-Watt K. Body condition, liver fat and liver glycogen of wild
American mink (Neovison vison) in Nova Scotia, Canada. IX International Scientific
Congress in Fur Animal Production. International Fur Animal Scientific Association.
Halifax, NS, Canada. August 19-23, 2008. Scientifur 2008;32:217-218.

Mofrad P, Contos MJ, Haque M, Sargeant C, Fisher RA, Liketic VA, Sterling RK,
Shiffman ML, Stravitz RT, Sanyal AJ. Clinical and histologic spectrum of non-alcoholic
fatty liver disease associated with normal ALT values. Hepatology 2003;37:1286-1292.

Muise JL. Impact of obesity and dietary polyunsaturated fatty acids on lipid and glucose
metabolism in the mink (Neovison vison). 2008. M.Sc. thesis. Dalhousie University,
Halifax, Canada.

Mustonen AM, Saarela S, Pyykonen T, Nieminen P. Endocrinologic adaptations to
wintertime fasting in the male American mink (Mustela vison). Exp Biol Med
2005¢;230:612-620.

Mustonen AM, Kikeld R, Nieminen P. Different fatty acid composition and peripheral
adipose tissues of the American mink (Mustela vison). Comp Biochem Physiol Part A
2007;147:903-910

Mustonen AM, Nieminen P, Hyvirinen H, Asikainen J. Exogenous melatonin elevates
the plasma leptin and thyroxine concentrations on the mink (Mustela vison). Z.
Naturforsch 2000;55C:806-813.

Mustonen AM, Puukka M, Pyykoénen T, Nieminen P. Adaptations to fasting in the
American mink (Mustela vison): nitrogen metabolism. J Comp Physiol B 2005b;175:357-
363.

Mustonen AM, Puukka M, Rouvinen-Watt K, Aho J, Asikainen J, Nieminen P. Response
to fasting in an unnaturally obese carnivore, the captive European polecat Mustela
putorius. Exp Biol Med 2009;234:1287-1295.

Mustonen AM, Pyykoénen T, Paakkonen T, Rydkkynen A, Asikainen J, Aho J, Mononen
J, Nieminen P. Adaptations to fasting in the American mink (Mustela vison):
carbohydrate and lipid metabolism. Comp Biochem Physiol A 2005a;140:195-2002.

Mustonen AM, Kikeld R, Kikeld A, Pyykoénen T, Aho J, Nieminen P. Lipid metabolism
in the adipose tissues of a carnivore, the raccoon dog, during prolonged fasting. Exp Biol
Med 2006b;232:58-69.

Mustonen AM, Puukka M, Saarela S, Paakkonen T, Aho J, Nieminen P. Adaptations to

fasting in a terrestrial mustelid, the sable (Martes zibellina). Comp Biochem Physiol A
2006a;144:444-450.

152



Newman RE, Bryden WL, Fleck E, Ashes JR, Buttemer WA, Storlien LH, Downing JA.
Dietary n-3 and n-6 fatty acids alter avian metabolism: metabolism and abdominal fat
deposition. Br J Nutr 2002;88:11-18.

Nieminen P, Kikeld R, Pyykonen T, Mustonen AM. Selective fatty acid mobilization in
the American mink (Mustela vison) during food deprivation. Comp Biochem Physiol Part
B 2006;145:81-93.

Nieminen P, Rouvinen-Watt K, Saarela S, Mustonen AM. Fasting in the American
marten (Martes americana): a physiological model of the adaptation of a lean-bodied
animal. J Comp Physiol B 2007;177:787-795

Nieminen P, Kikeld R, Mustonen AM, Hyvirinen H, Asikainen J. Exogenous melatonin
affects lipids and enzyme activities in mink (Mustela vison) liver. Comp Biochem
Physiol Part C 2001;128:203-211.

Nieminen P, Mustonen AM, Kirjad V, Asikainen K, Rouvinen-Watt K. Fatty acid
composition and development of hepatic lipidosis during food deprivation — mustelids as
a potential animal model for liver steatosis. Exp Biol Med 2009;234:278-286.

National Research Council (NRC). 2006. Nutrient Requirements of Dogs and Cats.
Washington D.C. National Academy Press.

Pal C, Nieminen P, Mustonen AM, Rouvinen-Watt K. Effects of fasting and re-feeding
on the development of hepatic lipidosis in the American mink (Neovison vision). IX
International Scientific Congress in Fur Animal Production. International Fur Animal
Scientific Association. Halifax, NS, Canada. August 19-23, 2008. Scientifur 2008;32:
219-220.

Pazak HE, Bartges JW, Cornelius LC, Scott MA, Gross K, Huber TL. Characterization of
serum lipoprotein profiles of healthy, adult cats and idiopathic feline hepatic lipidosis
patients. J Nutr 1998;128:2747S-2750S

Pessayre D, Berson A, Fromentry B, Mansouri A. Mitochondria in steatohepatitis. Semin
Liver Dis 2001;21:57-69.

Postic C, Girard J. The role of the lipogenic pathway in the development of hepatic
steatosis. Diabetes Metab 2008;34:642-648.

Purnell JQ, Kahn SE, Samuels MH, Brandon D, Loriauz DL, Brunzell JD. 2009.
Enhanced cortisol production rates, free cortisol, and 11B-HSD-1 expression correlate
with visceral fat and insulin resistance in men: effect of weight loss. Am J Physiol
Endocrinol Metab 296:E351-E357.

Raclot T. Selective mobilization of fatty acids from white fat cells: evidence for a
relationship to the polarity of triacylglycerols. Biochem J 1997;322:483-489.

153



Raclot T. Selective mobilization of fatty acids from adipose tissue triacylglycerols. Prog
Lipid Res 2003;42:257-288.

Raclot T, Groscolas R. Selective mobilization of adipose tissue fatty acids during energy
depletion. J Lipid Res 1995;36:2164-2173.

Raclot T, Holm C, Langin D. A role for hormone-sensitive lipase in the selective
mobilization of adipose tissue fatty acids. Biochim BioPhys Acta 2001;1532:88-96.

Rao MS, Reddy JK. PPARa in the pathogenesis of fatty liver disease. Hepatology
2004;40:783-786.

Reddy JK, Rao MS. Lipid metabolism and liver inflammation. II. Fatty liver disease and
fatty acid oxidation. Am J Physiol Gastrointest Liver Physiol 2006;290:G852-G858.

Reynisdottir S, Dauzats M, Thorne A, Langin D. Comparison of hormone-sensitive lipase
activity in visceral and subcutaneous human adipose tissue. J Clin Endocrinol Metab
1997;82:4162-4166:

Rivers JPW, Sinclair AJ , Crawford MA. Inability of the cat to desaturate essential fatty
acids. Nature 1975;258:171-173.

Ross and Pawlina. Histology: A Text and Atlas: With Correlated Cell and Molecular
Biology. 2006. Lippincott Williams & Wilkins Baltimore, MD.

Rouvinen K, Kiiskinen T. Influence of dietary fat source on growth and fur quality of
mink and blue fox. Acta Agric Scand 1989;39:269-278.

Rouvinen-Watt K. Nuréing sickness in the mink — a metabolic mystery or a familiar foe?
Can J Vet Res 2003;67:161-168.

Rouvinen-Watt K, Armstrong D. 2002. Body condition scoring of mink using a five-
point scale. Nova Scotia Agricultural College, Canadian Centre for Fur Animal Research,
Truro, NS.

Rouvinen-Watt K, Murphy J, Chan C. Effect of feeding intensity on body condition and
glycemic control in mink Mustela vison. Proceedings of the VIII International Scientific
Congress in Fur Animal Production, De Ruwenberg, ‘s-Hertogenbosch, The Netherlands,
15-18 September 2004. Scientifur 2004;28:129-135.

Rouvinen-Watt K, White MB, Campbell R. Mink Feeds and Feeding. 2005. Ontario
Ministry of Agriculture and Food, through the Agricultural Research Institure of Ontario,
and the Nova Scotia Agricultural College.

Rouvinen-Watt K, Mustonen AM, Conway R, Pal C, Harris L, Saarela S, Strangberg U,
Nieminen P. Rapid development of fasting-induced hepatic lipidosis in the American

154



mink (Neovison vison): Effects of food deprivation and re-alimentation on body fat
depots, tissue fatty acid profiles, hematology and endocrinology. Lipids 2010;45:111-
128.

Russell K, Lobley GE, Millward DJ. Whole-body protein turnover of a carnivore, Felis
silvestris catus. Br J Nutr 2003;89:29-37.

Ryan AS, Berman DM, Nicklas Bj, Sinha M, Gingerich R, Meneilly GS, Ega JM, Elahi
D. Plasma adiponectin and leptin levels, body composition, and glucose utilization in
adult women with wide ranges of age and obesity. Diabetes Care 2003;26:2383-2383.

Sanz M, Flores A, Perez de Ayala P, Lopex-Bote CJ. Higher lipid accumulation in
broilers fed on saturated fats than those fed on unsaturated fats. Br Poult Sci 1999;40:95-
101.

SAS Version 9.1. 1999. SAS Institue Inc., Cary, NC, USA.
Schneider RR, Hunter DB. Nursing disease in the mink. Scientifur 1992;16:239-242.

Schmocker C, Weylandf KH, Kahlke L, Wang J, Lobeck H, Tiegs G, Berg T, Kang JX.
Omega-3 fatty acids alleviate chemically induced acute hepatitis by suppression of
cytokines. Hepatology 2007;45:864-869.

Shah DA, Madden LV. Nonparametric analysis of ordinal data in designed factorial
experiments. Phytopathology 2004;94:33-43.

Simopoulus AP. Omega-3 fatty acids in health and disease and in growth and
development. Am J Clin Nutr 1991;54:438-463.

Sjaastad @, Hove K, Sand O. 2003. Physiology of Domestic Animals. Scandinavian
Veterinary Press, Oslo.

Smith DG, Schenk MP. Dissection Guide and Atlas to the Mink. 2000. Morton
Publishing Company, Colorado.

Swaminathan R, Major P, Snieder H, Spector T. Serum creatinine and fat-free mass (lean
body mass). Clin Chem 2000;10:1695-1696.

Svegliati-Baroni G, Candelaresi C, Saccomanno S, Ferretti G, Bachetti T, Marzioni M,
De Minicis Sm Nobili L, Salzano R, Omenetti A, Pacetti D, Sigmund S, Benedetti A,
Casini A. A model of insulin resistance and nonalcoholic steatohepatitis in rats. Am J
Pathol 2006;169:846-860.

Szabo J, Ibahim WH, Sunvold GD, Dickey KM, Rodger JB, Toth IE, Boissonneault GA,
Bruckner GG. Influence of dietary protein and lipid on weight loss in obese
ovariohysterectomized cats. Am J Vet Res 2000;61:559-565.

155



Takahashi Y, Ide T. Dietary n-3 fatty acids affect mRNA level of brown adipose tissue
uncoupling protein 1, and white adipose tissue leptin and glucose transporter 4 in the rat.
Brit J Nutr 2000;80:555-564.

Tauson A-H, Aldén E. Pre-mating body weight changes and reproductive performance in
female mink. Acta Agric Scan 1984;34:177-187.

Tauson A.-H. Effects of flushing on reproductive performance, ovulation rate and plasma
progesterone levels in mink. Acta Agric Scand 1985;35:295-309.

Tauson A.-H., Elnif J, Wamberg S. Nitrogen balance in adult female mink (Mustela
vison) in response to normal feeding and short-term fasting. Br J Nutr 1997;78:83-96.

Tauson A-H, Forsberg M, Chwalibog A. Plasma concentrations of leptin mirror changes
in body weight but do not influence the pattern of preovulatory lutenizing hormone surge
in mink (Mustela vison). J Nutr 2002;132:1790S-17928S.

Thom MD, Harrington LA, Macdonald DW. Why are American mink sexually
dimorphic? A role for niche separation. Oikos 2004;105:525-535.

Toshimitsu K, Matsuura B, Ohkubo I, Niiya T, Furukawa S, Hiasa Y, Kawamura M,
Ebihara K, Onji M. Dietary habits and nutrient intake in non-alcoholic steatohepatitis.
Nutrition 2007;23:46-52.

van Roermund CWT, Hettema FH, Kal AJ, van den Berg M, Tabak HF, Wanders RJA.
Peroxisomal B-oxidation of polyunsaturated fatty acids in Saccharomyces cerevisiae:

isocitrate dehydrogenase provides NADPH for reduction of double bonds at even
positions. The EMBO Journal Vol 1998;17:677-687.

Videla LA, Rodrigo R, Araya J, Poniachik J. Oxidative stress and depletion of hepatic
long-chain polyunsaturated fatty acids may contribute to non-alcoholic fatty liver disease.
Free Radic Biol Med 2004;37:1499-1507.

Vognild E, Elvevoll EO, Brox J, Olsen RL, Barstad H, Aursand M, Osteruf B. Effect of
dietary marine oils and olive oil on fatty acid composition, platelet membrane fluidity,
platelet responses, and serum lipid in healthy humans. Lipids 1998;33:427-436.

Wamberg S, Clausen TN, Olesen CR, Hansen O. Nursing sickness in lactating mink
(Mustela vison) 11. Pathophysiology and changes in body fluid composition. Can J Vet
Res 1992;56:95-101.

Wang X, Hu Z, Hu J, Du J, Mitch WE. Insulin resistance accelerates muscle protein

degradation: activation of the ubiquitin proteasome pathway by defects in muscle cell
signaling. Endocrinology 2006;147:4160-4168. '

156



Wasserback York L, Puthalapattu S, Wu GY. Nonalcoholic fatty liver disease and low-
carbohydrate diets. Annu Rev Nutr 2009;29:365-379.

Wenzel U, Schicketanz W. Correlation between nutritional state, breeding condition and
reproductive performance of female mink. Scientifur 1980;4:23-28.

Westphal SA. Obesity, abdominal obesity, and insulin resistance. Clin Cornerstone
2008;9:23-31.

Wise MH, Linn IJ, Kennedy CR. A comparison of the feeding biology of mink Mustela
vison and otter Lutra lutra. J Zool Lond 1981;195:181-213.

Wisse E, Braet F, Luo D, De Zanger R, Jan D, Crabbé E, Vermoesen A. Structure and
function of sinusoidal lining cells in the liver. Toxicol Patho 1996;24:100-111.

Wu G, Olivecrona G, Olivecrona T. The distribution of lipoprotein lipase in rat adipose
tissue. Changes with nutritional state engage the extracellular enzyme. J Biol Chem
2003;278:11925-11930.

Yamauchi T, Nio Y, Maki T, Kobayashi M, Takazawa T, Iwabu M, Okada-Iwabu M,
Kawamoto S, Kubota N, Kubota T, Ito Y, Kamon J, Tsuchida A, Kumagai K, Kozono H,
Hada Y, Ogata H, Tokuyama K, Tsunoda M, Ide T, Murakami K, Awazawa M,
Takamoto I, Froguel P, Hara K, Tobe K, Nagai R, Ueki K, Kadowaki T. Targeted
disruption of AdipoR1 and AdipoR2 causes abrogation of adiponectin binding and
metabolic actions. Nat Med 2007;13:332-339.

Yuan M, Konstantopoulos N, Lee K, Hansen L, Karin M, Shoelson SE. Reversal of
obesity-and diet-induced insulin resistance with salicylates or targeted disruption of
IKKp. Science 2001;389:610-614.

Zhou H, Li Z, Silver DL, Jiang XC. Cholesteryl ester transfer protein (CETP) expression
enhances HDL cholesteryl ester liver delivery, which is independent of scavenger
receptor BI, LDL receptor related protein and possibly LDL receptor. Biochim Biophys
Acta 2006;1761:1482-1488.

Zhu FS, Lui S, Chen XM, Huang ZG, Zhang GW. Effects of n-3 polyunsaturated fatty

acids from seal oils on nonalcoholic fatty liver disease associated with hyperlipidemia.
World J. Gastroengerol 2008;7:6395-6400.

157



