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ABSTRACT

The overall goal of the present research projesttiwanvestigate the physiology of dietary
iron absorption and its interactions with the uptalnd metabolism of other divalent metals,
especially cadmium, in freshwater fish, using rawmlirout ©Oncorhynchus mykisss a model
species. Using intestinal sac preparations, ir@oigdtion was found to occur along the entire
intestinal tract of fish, with anterior intestin@ibg the major site of absorption compared to
either mid or posterior intestine. Ferrous iron wasre bioavailable than ferric iron, and the
uptake of ferrous iron was significantly reducedaditaline pH p < 0.05). These findings
suggested that a homolog of the mammalian apigabuds iron transporter, divalent metal
transporter-1 (DMT1, a B&H" symporter), is involved in the absorption of iram the fish
intestine. Ferric iron appeared to be absorbedugirothe same pathway as ferrous iron
following reduction by an apical ferric reductaSeveral divalent metals, both essential (nickel,
copper and zinc) and non-essential (cadmium and),leahibited intestinal ferrous iron
absorption in fish. Importantly, elevated luminedn reciprocally reduced the accumulation of
cadmium in the fish intestine, indicating the sfgaince of the iron transport pathway in dietary
cadmium absorption. Two different DMT1 isoformNramp# and -y, were found to be
expressed along the entire gastrointestinal triafislo. My study showed that in isolated rainbow
trout enterocytes, ferrous iron uptake occurredugh a saturable and proton-dependent process,
providing further evidence of DMT1-mediated ferrdusn transport. Both cadmium and lead
inhibited ferrous iron uptake in the enterocytesaitoncentration-dependent manner. Kinetic
characterization revealed that the apparent affifor ferrous iron uptake is significantly
decreased (increaséd,) in the presence of either cadmium or lepd<(0.05), whereas the

maximum uptake rateJfay remains unchanged. These results indicated tretirtteraction



between ferrous iron and cadmium or lead is cortipetin nature, and the uptake of these
metals occurs through a common transport pathvilegl{IDMT1). The uptake characteristics of
cadmium were further examined in isolated rainbowttenterocytes, and my findings indicated
that in addition to DMT1, cadmium uptake can be iaed by zinc transport pathway (ZIP8, a
Zn**/HCO5 symporter). My study also showed that cysteingugmated cadmium was readily
bioavailable to fish enterocytes, possibig a cysteine-specific transport pathway. The efthfix
cadmium from the enterocytes was found to ostairan ATPase-driven pathway. On the other
hand, chronic exposure to dietary cadmium at aniremwientally-relevant concentration
significantly increased cadmium burden in targggos as well as in the whole-body of figh<(
0.05). Exposure to dietary cadmium increased theNARexpression level of key stress-
inducible proteins such as metallothioneins (MT+#& 8T-B) and heat shock proteins-70 (HSP-
70a and HSP-70b). Interestingly, each MT and HSPRRINA isoform responded differently in
various target organs of fish following dietary oadm exposure. Fish exposed to dietary
cadmium also exhibited an increase in the hepatitsterrin mRNA level as well as the plasma
transferrin protein level, indicating the role afartsferrin in cadmium handling in fish.
Importantly, an iron-supplemented diet reduced cgadnburden in the gut and the whole-body,
and ameliorated the expression of MT and HSP-7@geém fish. These results suggested the
protective effects of elevated dietary iron agaiolstonic dietary cadmium toxicity in fish.
Overall, findings from the present research propgovided novel and important physiological
and molecular insights into the uptake, interactiand homeostasis of dietary divalent metals in
freshwater fish. This information greatly enhaneas current understanding of the toxicological
implications for dietary metal exposure in metahtaoninated wild fish populations, and may

ultimately help the regulators to develop betteatsgies for ecological risk assessment of metals.



ACKNOWLEDGEMENTS

I would like to thank my graduate supervisor, DnSHiyogi, for his support, enthusiasm,
patience, and providing insightful suggestions oy scientific research. He also provided
critical support in preparing this thesiswould also like to thank the members of my gradua
committee, Dr. Barry Blakley, Dr. Andrew Van KessBl. David Janz, and Dr. Yangdou Wei,
for the time they have dedicated to my graduatgnara and the valued advice in the completion
of my thesis. My sincere thanks also go to Dr. J&hesy, Dr. Markus Hecker and Dr. Jose
Andrés for their guidance and support during mygtl also thank Dr. Michael Wilkie from the

Wilfrid Laurier University for serving as the exted examiner of my thesis.

| thank past and present members of Niyogi's lkedpecially Sougat Misra, Aditya
Manek, Jacob Ouellet, Charmain Hamilton, Sayanty Bod Keegan Hicks. Thank you to

everyone in the Department of Biology and the Tolkigy Centre.

I thank my family for their love, patience and ea@yement throughout my study,
especially my parents, aunts and uncles. They lestea lot due to my study abroad. Without

their encouragement and understanding, it woule eeen impossible for me to finish this work.

At last, | would like to acknowledge my fundingusces, the Toxicology Devolved
Scholarship, the Natural Sciences and Engineerege&ch Council of Canada (NSERC), the
Canadian Foundation for Innovation (CFl), and tleei&y of Environmental Toxicology and
Chemistry (SETAC)/ICA Chris Lee Award for Metals $@arch (sponsored by the International

Copper Association).



TABLE OF CONTENTS

PERMISSION TO USKE ....oiiiiiiiiiiiiiiiiiiie ettt e e e e e ettt e et e e e seass e e e e e e e e e e e s e nnenees [
Y = 1S I 72 3 PP S i
ACKNOWLEDGEMENTS ..ottt ettt e e et e e e e e sesnn e e e e e e e e e e annnes iv
TABLE OF CONTENTS ..ottt eeeee ettt e e e e e s e e e e et r e e e e e e e eannnes %
LIST OF TABLES .....coooi oottt ettt e e e e e e e e s s bbbttt e e ae e st see e e e eaeaeeeesannseanneeas X
LIST OF FIGURES ... .ttt ettt e e e e e e e rmnme e e e e e e e e et nteeeeaaeeeeans Xi
LIST OF ABBREVIATIONS ......oeiiiiiiiiiiee e eimmm ettt e e e e e e s sttt e e e e e e e e s e snseeeeee e s s annenseeeeas XiX
CHAPTER 1: General INtrOQUCLION .............ceeeaeiiiiiieiiiiiiiieiieiaeiieeseaseesesssesrmeenneeeeeeeeeeeeeeeeeses 1
1.1 Importance of dietary exposure in metal accatit and toxicity in wild fish................ 1
1.2. Overview of the gastrointestinal system o$lfirgater fisSh ...............eviiiiiiiiiiiicemeenes 2
1.3. Current understanding of the physiological amadecular characteristics of dietary
divalent metal uptake i fiSN............uuimummme 3
1.4. Insights of iron uptake and its interactionthwther divalent metals from mammalian
] (00 |12 PP T PPPUTPPPPPPRPPPPPPPIN 6
1.4.1. Physiological and molecular mechanismsasf uptake and homeostasis ........... 6
1.4.2. Iron transport pathway — linkage to the gison of other divalent metals ......... 8
1.4.3. Interplay between iron and cadmium ...............eeeueiiiiiiiiiiini————. 9
1.5. Molecular evidence of iron uptake mechanisohigminteractions with other divalent
metals in freshwater fiSh ..........cooo e 10

1.6. Physiological effects of cadmium exposurereshwater fish — waterborne vs dietary 13
1.7. ReSEarch ODJECHIVES ........uuiiiiiiiiieeeteeeee et e e e e eee s 15

CHAPTER 2: Anin vitro examination of intestinal iron absorption in astrevater teleost,

rainbow trout Oncorhynchus mykiBs...........oooo e 20
P20 R [ 1 o To [T i (o] o U PP PP P PP PPPPPPPPI 20
2.2. Materials and MethodsS ..........cooiiiiieeeeee e 23

2.2.1. Fish and experimental SOIULIONS .............ueiiiiiiiiiiiiiiiiiiiiiiiiiiiiie e 23
2.2.2. Intestinal SaC Preparation ...........cccceeeeeeeeiiiieiiiiieiieiieieeieeiieeeeee e 25
2.2.3. Concentration and time dependent iron inflnd spatial distribution of iron
ADSOIPLION. ... 25
2.2.4. Effects of temperature and mucosal pH ancfand ferrous iron absorption .... 27
2.2.5. Effects of solvent drag on ferric and feg@on absorption............cccccvveeennns 8.2



2.2.6. Effects of iron chelators, nitrilotriaceticid and desferrioxamine mesylate, on

ferric and ferrous iron abSOrption ...........cecevviiiiiiiiiiiiiiiii e 28
2.2.7. Calculations and statistical analysiS.........ccooooriiiiirii s 29
2.3, RESUIS . 31
2.3.1. Spatial pattern of ferric and ferrous irquake ..............c.cvvevviviiiieiiiieieersmmmnen 31
2.3.2. Effects of temperature on ferric and fernoas uptake..............cccccn. 33.
2.3.3. Time course of ferric and ferrous iron acalation ...............ccooeoeeiiiiienineeenn. 35
2.3.4. Concentration dependent ferric and ferrous wptake ............ccccevvveeeninnnennns 8.3
2.3.5. Effects of solvent drag on ferric and feg@on uptake ...............ccceeeveeenen. 38.
2.3.6. Effects of mucosal pH and iron-chelatorsron uptake ..........cccccccvvvvvvvvevvennnnee. 40
2.3.7. Relationships among the rates of fluid tpans iron binding to mucus, mucosal
epithelium iron absorption and iron transport itite blood compartment ....... 43
2.4, DISCUSSION ..ieieiiiitit ettt e e e ettt e e e e s e ettt e e e e e samme e et e e e e s s et bbnbneeeeeeeas 45
2.5, CONCIUSIONS ...ttt ettt e e e e e bbb e e e e ettt e et e e e e e e e annanees 52

CHAPTER 3: The interactions of iron with other desat metals in the intestinal tract of a

freshwater teleost, rainbow tro@CorhyNChUSNYKISS..........uuemiiiiiiiie e 53
I 0 I [ 11 (oo [T 1[0 ] [P P PRSP PPPPPPPR 53
3.2. Material and METNOUS ............uiiiii et e e e e e ee e e e e 56
B2 L. FISI e e e e e e e e e e e 56
3.2.2. Intestinal SAC Preparations.........ccccccceeeeeeeeeeeeieeeeieeieeieeieereeeeeer e 56
3.2.3. Experimental treatMents .........ooo e 58
3.2.4. Measurement of radioactivity and cold metadcentrations ...........c.cccccevvvveeeee. 60
3.2.5. Calculations and StatiStICS.........ccceeeerrririiiiiiiiiiiiiiiiiieiieieeiieieeebrereeeeeeeeeeeeeees 61
3.3 RESUIS - 62
3.3.1. Fluid transport rates in different inteskiB@gmMeNnts.............ccceeeeiiiiiiiiiniiieees 62
3.3.2. The influence of luminal zinc, copper, nicked cobalt on intestinal ferrous iron
ADSOIPLION....cc e 62
3.3.3. The influence of luminal lead and cadmiunirgastinal ferrous iron absorption
................................................................................................................... 64
3.3.4. Relative magnitude of inhibition of ferrausn absorption in the mucosal
epithelium by various divalent metals .................c 66
3.3.5. The influence of luminal nickel, lead andwéum on intestinal ferric iron
ADSOIPLION. ... 68
3.3.6. The influence of excess luminal ferrous ionntestinal lead and cadmium
ACCUMUIALION ..o 70

Vi



I B [ o U o1 (0] o IR 72
IR T Oe ] o (o3 [ U7 o ] 1SR 78

CHAPTER 4: Molecular evidence and physiologicalrelsterization of iron absorption in
isolated enterocytes of rainbow tro@ncorhynchus mykigsimplications for dietary cadmium

and 1ead aDSOIMPLION ... ettt e e e e e e e e e e e e e e e e e e e e e e e e eaaaaaeeeeees 79
g N | 1 Yo [ [ox 1 o o U 79
4.2. Materials and MEtNOAS ........ouiiiiiiieeeeee e 81

2.0 FUSH oo e 81
4.2.2. mRNA expression of divalent metal transpettesoform genes ....................... 82
4.2.3. 1S0lation Of ENLEIOCYLES .......eeiiieeeeeeee e 83
4.2.4. Measurement of iron uptake in isolated @a@es ..............cccooeeeeeeeieeeee. 85.
4.2.5. Effect of ferrozine and high extracellulatgssium on ferrous or ferric iron

0] 0] 2= 1= PP 86
4.2.6. Inhibitory effect of cadmium and lead orrées iron uptake ............ccccevvvveeeee. 87
4.2.7. Calculations and StatiStCS.........cccaaaeiuriiiiiiiiiiiiiiiiiiiiiiiiieeiieiieieieeeeeeeeeeeeeeees 88

G TR =11 U L PP 89

4.3.1. mRNA expression of divalent metal transpettand the viability of isolated

EINEEIOCYLES ..ottt cee e e e e e ettt e e e e et e ettt e e e e e e e eennans et s 89

4.3.2. Concentration and time-dependent ferrousugzake in isolated enterocytes... 92
4.3.3. Effect of ferrozine and membrane depolawnabn ferrous or ferric iron uptake

................................................................................................................... 92
4.3.4. Effect of cadmium or lead on ferrous iromake in isolated enterocytes........... 95
4.3.5. Kinetic analysis of ferrous iron and cadmigad interactions ............cc..cccce..... 95
B Kol 111 (o] PP P PP OPPPPPPPPR 98
T @] g Tod U] o 1 103

CHAPTER 5: Cadmium transport in isolated entercxytiefreshwater rainbow trout:
interactions with iron and zinc, effects of comg@g&n with cysteine, and an ATPase-coupled

L2 1110 PP PSP PPPPPPPPPPPP 105
ST I [ 11 (oo [0 i [o ] o IO PPPPPPPPP 105
5.2. Materials and Methods ... e 108

5.2.1. Experimental FiSh.......cooo oo 108
5.2.2. 1S0lation Of ENEIOCYLES .......ciiiiieeeeeeiiiiiieiii ittt mnnme e e e e e e 109
5.2.3. Experimental approach ............ooi oo 110
5.2.4. Time and concentration-dependent cadmiu@kept................cccevvvevrrerinennnn. 111

Vii



5.2.5.

Effects of calcium, zinc and ferrous ironagfular cadmium uptake .............. 112

5.2.6. Effects of calcium channel blockers, pH afidPase inhibitor on cellular
CadMIUM UPLAKE ... e 112
5.2.7. Effects of bicarbonate on cellular cadmiystalde ................cccvvvviiiviiininnnnne 131
5.2.8. Effects of cadmium-cysteine complexatiorcetular cadmium uptake........... 113
5.2.9. Temporal profile of cellular cadmium efflard the effects of ATPase inhibitor
................................................................................................................. 114
5.2.10. Calculations and statistical analySiS................euuvuiiiiiiiiiiiiiiiiiiiiiiieeeeeeeee 115
5.3 RESUIS . 116
5.3.1. Cadmium speciation in different experimentaiditions using Visual MINTEQ
................................................................................................................. 116
5.3.2. Time and concentration-dependent of cadnuptake..............cccccvevvvvvevevennnne. 118
5.3.3. Effects of calcium, zinc and ferrous ironcaamium uptake .............cccccuvveees 118
5.3.4. Kinetic analysis of zinc/cadmium and ferra@os/cadmium interactions ........ 121
5.3.5. Effects of calcium channel blockers, pH afidPase inhibitor on cellular
CadMIUM UPLAKE ... e 121
5.3.6. Effects of bicarbonate and DIDS on cellg@dmium uptake ......................... 124
5.3.7. Effects of L-cysteine on cellular cadmiumake and the uptake kinetics of
admium-cysteine COMPIEX ....cooveeiie i 124
5.3.8. Temporal profile of cellular cadmium efflard the effects of orthovanadate . 127
5.4, DISCUSSION ...ttt et e ettt e e e e e e s s bbbt et e e e e e s smnnne e e e e e e e e s bnbnreeeeeeens 129
5.5, CONCIUSIONS ... e e e e e e e e e seere s e 135

CHAPTER 6: Effects of dietary cadmium exposureissue-specific cadmium accumulation,
iron status and expression of iron-handling anelsstinducible genes in rainbow trout: Influence

of elevated dietary IFON ... 137
L I [ 11 (oo [0 i [o ] o ISP PPPPPPPPP 137
6.2. Materials and MethOdsS ...........cooiiiiiieeee e 140

6.2.1. Experimental fisSh..........ooooi i 140
6.2.2. Diet Preparation ............coooiiiiiiiiiieiiiiiiieiieiieiieiieaeeeeeaeb e enneneeeeeeaeeeee e 140
6.2.3. Experimental treatments and Samplingececcccooooeeeeeeiii e, 143
6.2.4. Measurement of iron and cadmium in wateat @ind tiSsSue ...............c.ceevuenneee 144
6.2.5. Plasma iron-binding @SSAY .........ccccaceareeeremeiiieiiiiieiieiieiieiieieeeneneneeeeeeeeeeees 144
6.2.6. MRNA expression analysis Of geNes ... 145
6.2.7. Calculations and StatiStiCS.........ccceeeeiriiiiiiiiiiiiiiieiieiiiiieieeeieeee e reeee e e eeees 148
8.3, RESUILS ...ttt e e e e e e e e e e s 149



6.3.1. Physiological conditionS...........ooo i 149

6.3.2. Tissue-specific iron and cadmium levels............ccc, 151
6.3.3. Plasma iron status and mRNA expressioraasterrin in the liver ................. 153
6.3.4. Tissue-specific mMRNA expression of metaltmbins and heat-shock proteins
................................................................................................................. 156
5.4, DISCUSSION ...t e e e e e et et e ettt ettt ettt ettt ettt ettt e et e eeeaeeeeeeaaaaaaaaaaaaaaaaeaaaaaaaees 160
6.4.1. Environmental relevance of experimentalsdief................ueuvuiiiiiiinnnnns 160
6.4.2. Physiological condition, and tissue-speafid whole-body Cd burden........... 160
6.4.3. Iron homeostasis and handliNg ...... e «.eeeeeereer e ——— 162
6.4.4. Transcriptional responses of metallothiom@ind heat-shock proteins ............ 163
B.5. CONCIUSIONS ... e e e e e e e e s s 165
CHAPTER 7: General diSCUSSION ........uuuuiiacmceiiiiiiie e ee e e s e e e e e s snne e e e e e e 166
4% N [ 14 (o To [ T4 1o o U PP PP PPPPPPPPPPPP 166
7.2. Uptake and handling of dietary divalent metalfseshwater fish..........................c. 168
7.2.1. Physiology of dietary iron absorption antheostasis ...........ccccccvvvvvvverevrnennne. 168
7.2.2. Role of iron transport pathway in the absorpof other divalent metals ........ 169
7.2.3. Mechanisms of intestinal cadmium transpod iaternal handling................... 170
7.2.4. Physiological and molecular responses tadieadmium exposure............... 174
7.2.5. Physiological implications of dietary irondacadmium interaction ................. 175
7.3. Environmental and toxicological ImpliCationS...........ccooveeieiiiii e, 176
7.4. Future research perspectives and reCoOmmendation...........ccooeeeeiareeerireeee oo s 178
LIST OF REFERENCES ... ..ottt e e 180
APPENDIX ...ttt ettt e e e e e e e nE e e e e e e e e n e e e e e e e e e e 203



LIST OF TABLES

Table 3.1:The relative rate of ferrous iron (#p absorption in the presence of zinc, copper,
nickel, lead and cadmium in the mucosal epithelafrthe anterior, mid and posterior intestines
(o B =] 0] 010111V 0 | U 67

Table 5.1: The influence of cadmium (Cd) and L-eyst complexation at different

concentration ratios on Cd speciation profile ia thodified Cortland saline...................... 117

Table 6.1: The measured iron (Fe) and cadmium (@dgentrationsyg Fe or Cd/g feed dry
weight) in four different experimental diets, ame tassociated daily Fe and Cd dogesKe or
Cd/g fish wet weight/day) 10 fiSh. ........ . 142

Table 6.2: The accession numbers and primer segsarfcmetallothionein-A and -B (MT-A,
MT-B), heat shock protein-70a and -70b (HSP-70aPH8b), transferrin, and the reference
(o= LTS = ox 1] o FO USSR URPURPURPP 147

Table 6.3: Physiological indicators of juvenilentaow trout after exposure to the normal iron,
high iron, normal iron + cadmium, and high ironadmium diets for 28 days. ................... 501

Table 6.4: Haematological parameters of juvenileb@w trout after exposure to the normal iron,
high iron, normal iron + cadmium, and high ironadmium diets for 28 days. ................... 541



LIST OF FIGURES

Figure 1.1: Hypothetical representation of inorgaron uptake in the enterocytes of teleost fish.
At the apical membrane, ferric iron e is reduced to the ferrous form ¢Beby ferric
reductase. The uptake of #dnto the enterocytes is mediated by &F¢" symporter, the
divalent metal transporter-1 (DMT1). Intracellule€®* is either bound to ferritin for storage
following oxidation to F&, or moved out from the cell by iron regulated piotl (IREG1) at
the basolateral membrane. Ferrous iron is oxidize®é* by hephaestin, and Febinds to

transferrin in the blood for circulation to othaternal organs. ... 12

Figure 2.1:(a) The iron uptake rates anl) (fluid transport rates in the isolated anteriord mnd
posterior intestine of rainbow trout, exposed thei 2uM of ferric (F€") or ferrous (F&) iron
for 2 h at 15°C. Bars labeled with differdatters are significantly different (One-way ANOVA
followed by a post-hoc LSD tegi;< 0.05). Values are mean + SENIZ 5). ........ccccoeeviiiiinnnn 32

Figure 2.2: Influence of temperature on the rafe@pferric (F€") and(b) ferrous (F&" iron
uptake in the isolated anterior, mid and postaritastine of rainbow trout, exposed tod iron
for 2 h. Bars labeled with different letters argngiicantly different within the same intestinal
segment (Student'stest; p < 0.05). The temperature coefficier@i) are reported. Values are
MEAN £ SEMI = 5)..utitiiiiiiiiiiiiiiiieitiiieitieteieee b earaae e eeeeeseeseesessesssssasaesssesessssssbnenneeseeeeeeeeeeeees 34

Figure 2.3: The time course of iron accumulatiortha isolated mid and posterior intestine of
rainbow trout exposed toM of either @) ferric (F€*) or (b) ferrous (F&") iron for 1, 2, 3 and

4 h at 15°C. Bars labeled with different letterg aignificantly different within the same
intestinal segment (One-way ANOVA followed by a pbec LSD testp <0.05). Values are
MEAN F SEMI = 5).. ittt ettt ee ittt e e s te s besbaebestbsbts sttt menme e e e e e eeeeeeeeees 36

Figure 2.4: Partitioning of ferric (8 and ferrous (F8) iron into the mucosal epithelium, tissue
layer and serosal saline in tfg c¢) mid and(b, d) posterior intestine of rainbow trout, after 1, 2,
3 and 4 h of exposure topM either F&" or Fé* at 15°C. Bars labeled with different letters are
significantly different within the same partitio@e-way ANOVA followed by a post-hoc LSD
test;p < 0.05). Values are mean £ SERIE 5). ... 37

Xi



Figure 2.5: The concentration-dependent ferric>jFand ferrous (F€) iron uptake in the
isolated(a) mid and(b) posterior intestine of rainbow trout. An asteris#ticates the uptake rate
of F&* in either the mid or posterior intestine was digantly greater than that of Feat 20uM
(Student’ds-test;p < 0.05) Values are mean £ SEME5). ....ccoovvvviiiiiiiiiiiii e 39

Figure 2.6: Influence of mucosal pH on the rate@pferric (FE") and(b) ferrous (F&" iron
uptake in the isolated mid and posterior intestihminbow trout exposed toV iron for 2 h at
15°C. Values are mean + SEM £ 5). Bars labeled with different letters are #igantly
different within the same intestinal segment (Orar"WwNOVA followed by a post-hoc LSD test;

Figure 2.7: Influence of iron-chelator&) nitrilotriacetic acid (NTA) on the ferric (8 iron
uptake, andb) desferrioxamine mesylate (DFO) on both th& faemd ferrous (F€) iron uptake
in the isolated mid and posterior intestine of bawv trout exposed to 2M iron for 2 h at 15°C.

Values are mean = SEM € 5). No statistical difference was recorded amibegtireatments.. 42

Figure 2.8: Relationships between the rates of ibomding to mucus or the rates of iron
absorption into the mucosal epithelium of rainboeut with the rates of ferric (B8 (a, c) or
ferrous (F&" (b, d) iron uptake, respectively (pooled data from thwaited mid and posterior

intestine,N = 70 fOr all ANAIYSES) ....cvviiiiiiiiiiiiit e 44

Figure 3.1: The effect of 2 uM (black bars) or 2@ (gray bars) zinc, copper, nickel and cobalt
on the rates of 2 uM Ee(control; white bars) binding t() the mucus, or absorption inb)

the mucosal epithelium ar{d) the blood compartment of different intestinal segts (anterior,
mid and posterior intestine) in fish. Differenttégs represent a statistical difference within the
same intestinal segment (One-way ANOVA followedabgost-hoc LSD tesp < 0.05). Values
are mean £ SEMN(Z 5). oo 63

Figure 3.2: The effect of 2 uM (black bars) or 2@ (gray bars) lead and cadmium on the rates
of 2 uM Fé* (control; white bars) binding tta) the mucus, or absorption infb) the mucosal
epithelium and(c) the blood compartment of different intestinal segts (anterior, mid and

posterior) in fish. Different letters representtatistical difference within the same intestinal

Xii



segment (One-way ANOVA followed by a post-hoc LSBstf p<0.05). Values are
MEAN £ SEMI = 5) ..ttt ettt eee e et e te s bts s ee bt s tbe bbbttt bmmeme e e e e e eeeeeeeeees 65

Figure 3.3: The effect of 20 pM lead, cadmium aiukel on the rates of 2 uM Eebinding to
(a) the mucus, or absorption infb) the mucosal epithelium ar{d) the blood compartment of
different intestinal segments (anterior, mid andteoor) in fish. Different letters represent a
statistical difference within the same intestinedyment (One-way ANOVA followed by a post-
hoc LSD testp < 0.05). Values are as mean £ SEM=(5)........ccovviiiiiiiiiiiiiiiiiiiiiiiiiiieeeeee e 69

Figure 3.4: The effect of excess ferrous iror’{Fen the accumulation of lead and cadmium in
(a) the mucus(b) the mucosal epithelium ar(d) the blood compartment of different intestinal
segments (anterior, mid and posterior) in fish. Haekground concentrations of lead and
cadmium are presented as black bars, and the atationuof lead and cadmium following
exposure to 2 pM lead or cadmium in the absencepegskence of 20 pM Eeare presented as
light gray and dark gray bars, respectively. Babelled with different letters represent a
statistical significance for the same metal witthia same intestinal segment (One-way ANOVA
followed by a post-hoc LSD tegi;< 0.05). Values are mean + SERIZ 5). ........cccceevviiiiinnnn. 71

Figure 4.1: A representative picture showing theNARmessenger ribonucleic acid) expression
of Nramp# and » extracted from the tissue of intestines as weft@® the isolated enterocytes
of rainbow trout. The four bands for each geneiarthe order of (from left to right): anterior

intestine (Al), mid intestine (MI), posterior intege (PI) and isolated enterocytes (IE). ......90

Figure 4.2: Representative photographs of isolea@tbow trout enterocytes in suspensia):
the overview of the enterocytes in suspension &femin of isolation (objective magnification:
10x%). (b) Immediately following isolation, the enterocytesmained in their cylindrical shap)
After 30 min, most of the enterocytes adopted aespal shape. The microvillus structure is
distinguishable indicating the apical membranehefdells(b and c) Photographs were captured
using a Zeiss® Axioplan microscope equipped witlligital charge-coupled device (CCD)

(0= 1 1 1] = 1S 91

Xiii



Figure 4.3:(a@) The concentration-dependent ferrous*{JFzon uptake in isolated enterocytes of
rainbow trout exposed to 0.5-20 pM?Fat pH 6.0, 7.4 and 8.2 for 10 min. The curves were
characterized by Michaelis—Menten relationst{lp. The time-dependent iron accumulation in
isolated trout enterocytes following the exposuse2t5 uM F&" at pH 7.4 for 1-30 min.
Different letters represent a significant differenamong the data points (One-way ANOVA
followed by a post-hoc LSD tegi;< 0.05). Values are means+SEM=5-10). .............ccc..... 93

Figure 4.4:(a) The effect of a specific ferrous @giron chelator ferrozine (100 pM) on the
uptake rates of either 2.5 pM%Fer ferric (F€") iron in isolated enterocytes of rainbow trout.
Bars labeled with different letters are signifidgrdifferent from each other (One-way ANOVA
followed by a post-hoc LSD tesp < 0.05). (b) The Fé" uptake rates in isolated trout
enterocytes exposed to 2.5 uMFm a control saline (sodium-based saline; 133mNCNand
5mM KCI) and in a potassium-based saline (23mM Na@dl 115mM KCI). An asterisk
indicates a significant difference compared todbetrol (Student’d-test;p < 0.05). Values are
MEANSESEIMIT = 5). ..ttt st nentnrnrnrnes 94

Figure 4.5:(a) The effect of increasing cadmium (Cd) or lead (Edr)centrations on the uptake
rate of 1 pM ferrous (F& iron in isolated enterocytes of rainbow troutldaling 10 min of
exposure. Statistical comparison among the Cd ocdPlgentrations was performed separately,
and different letters represent a significant défece (One-way ANOVA followed by a post-hoc
LSD test;p < 0.05).(b) The effect of 10 uM Cd on the accumulation of 1 8" in isolated
trout enterocytes following 10-60 min of exposuka.asterisk indicates a significant difference
compared to the control (1 pM Fealone) at 30 min (Studentistest; p < 0.05). Values are
MEANSESEIMIT = 5). .. et e e b s e nnnrne 96

Figure 4.6: The concentration-dependent ferrou$*(Reon uptake in isolated enterocytes of
rainbow trout exposed to 0.5-20 uM?Féor 10 min in the presence @&) 1 mM cadmium (Cd)
or (b) 10 uM lead (Pb). The curves were characterizedMighaelis—Menten relationship.
Values are MeanSESEM € 5—10). ...ccoooiiiiiiii e a7

Xiv



Figure 5.1:(a) The time-dependent accumulation of cadmium (Cdisalated rainbow trout
enterocytes exposed to different fre€*Cebncentrationgb) The concentration-dependent’td
uptake rate in isolated enterocytes exposed to-0.8®4 puM free Cd. The data were plotted
using the Michaelis—Menten equation. Values aren®i&aSEM ( = 6-10). ..., 119

Figure 5.2: The effects of increasing extracelllr calcium (C&", (b) zinc (Zrf"), and(c)

ferrous iron (F&) on the uptake rate of 0.15 pM free cadmium?{Cth isolated rainbow trout
enterocytes. The rate of Eduptake in different treatments is expressed asepéage (%)
relative to the control (Cd alone). Different letters represent a significdiference (One-way
ANOVA followed by a post-hoc LSD tegt;< 0.05). Values are means + SEM={6). ......... 120

Figure 5.3: The effects of 10 uM zinc Znor 2.5 mM ferrous iron (F&) on the free cadmium
(Cd?") uptake rate at different €dconcentrations in isolated rainbow trout enteresyControl
represents the uptake rate ofCdlone. Different letters represent a significaffecence within
the same Cd exposure concentration (One-way ANOVA followed &ypost-hoc LSD test;
p < 0.05). Values are means £ SEMA6-10). ......ccoeeeriiiiiimiiiiiieieee s simeeee i e e 122

Figure 5.4: The effects ) calcium (C&") channels blockers, verapamil and lanthanum (10
uM and 100 pM),(b) varying pH [6.0, 7.4 (control), and 8.2], afc) an ATPase inhibitor
orthovanadate (10 uM and 100 pM), on the uptake 0&t0.84 pM free cadmium (€q in
isolated rainbow trout enterocytes. The rate of Cgbtake in different treatments is expressed as
percentage (%) relative to the control. Bars laaeWith different letters represent a significant
difference (One-way ANOVA followed by a post-hoc Sest; p<0.05). No statistical
difference was recorded for the treatments df €aannels blockers and orthovanadate. Values
Are MEANS £ SEMI(T 5). wuuuiiiiiiiiitii bbb e e e e 123

Figure 5.5: The effects of 10 mM bicarbonate (HT®@n the uptake rate of 0.84 uM free
cadmium (C@" in isolated rainbow trout enterocytes, both ie firesence and absence of an
anion transport blocker, 4,4'-diisothiocyano-2iflbenedisulfonic acid (DIDS; 100 uM). The
rate of Cd" uptake is expressed as percentage (%) relatitieetoontrol (No HC@ and DIDS
added). Bars labelled with different letters représa significant difference (Two-way ANOVA

XV



with HCO;” and DIDS treatments as two independent variafidleyed by a post-hoc LSD test;
p < 0.05). Values are means + SEMA(5). ... 125

Figure 5.6:(a) The relative uptake rate (% relative to contrdl)0c84 uM Cd" in isolated
enterocytes, at different molar ratio of total QG lt-cysteine in the exposure medium. The
concentrations (% of total Cd) of different cysteronjugated Cd species are summarized in
Table 1. Bars labelled with different letters regmet a significant difference among the
treatment groups (One-way ANOVA followed by a LS#ttp < 0.05).(b) The concentration-
dependent uptake of Cd(Cysi isolated fish enterocytes. At 0 - 7.4 uM Cd(Cythe data were
plotted using the Michaelis—Menten equation; at-722.2 uM Cd(Cys) the data were plotted

using the linear regression. Values are means £ BEMB). ........cccceeiiiiiiiiiiiiiiii s 126

Figure 5.7: The percentage of accumulated cadmi@u) (retained by the isolated fish
enterocytes in the absence (control) and presdrae ATPase inhibitor, orthovanadate (10 uM),
in the saline at 0 and 60 min of efflux. Bars léelwith different letters represent a significant
difference among the treatment groups and acrassfttux time (Two-way ANOVA followed
by a LSD testp < 0.05). Values are means £ SEIMH(6). .......cccceviiiiiiiiiiiniiniinie s snnenns 128

Figure 6.1: Concentrations of cadmium (Cd) (ng/g weight) in the(a) gill, (b) liver, (c)
stomach(d) intestine(e) kidney, (f) carcass an) whole-body of rainbow trout exposed to the
normal iron (Fe), high Fe, normal Fe + Cd, and Hght+ Cd diets. Bars labelled with different
letters represent statistical difference within #@me tissue (Three-way ANOVA with time,
dietary Fe, and dietary Cd as independent variafddewed by a post-hoc LSD tegi;< 0.05).
Values are mean £ SENM E 8). ... 152

Figure 6.2: The relative mRNA expression levelsrahsferrin in the liver of rainbow trout after
exposure to the normal iron (Fe), high Fe, norneatFeadmium (Cd), and high Fe + Cd diets for
28 days. The expression level of transferrin wasmadized tof-actin. Bars labelled with
different letters represent statistical differerf@avo-way ANOVA with dietary Fe and Cd as
independent variablep;< 0.05). Values are mean = SENX 8). .........covvviiiiiiiiiiiiiiiiiininins 155

XVi



Figure 6.3: The relative mMRNA expression levelsraftallothionein isoform-A (MT-A) and -B
(MT-B) in the (a) gill, (b) intestine,(c) liver, and(d) kidney of the rainbow trout after exposure
to the normal iron (Fe), high Fe, normal Fe + cadm{Cd), and high Fe + Cd diets for 28 days.
The expression levels of MT-A and MT-B were normatl top-actin from the same tissue. Bars
labelled with different letters represent statadtidifference within the same tissue for the same
MT gene (Two-way ANOVA with dietary Fe and Cd adependent variablep;< 0.05). Values
are mean £ SEMN(= 8). oo 158

Figure 6.4: The relative mRNA expression levelheat shock protein-70a (HSP70a) and -70b
(HSP70Db) in the (a) qill, (b) intestine, (c) livand (d) kidney of the rainbow trout following the
exposure to normal iron (Fe), high Fe, normal Femdmium (Cd) and high Fe + Cd diets. The
expression levels of HSP70a and HSP70b were naretbtos-actin from the same tissue. Bars
labelled with different letters represent statadtidifference within the same tissue for the same
HSP70 gene (Two-way ANOVA with dietary Fe and Cdiradependent variableg < 0.05).
Values are mean £ SENM E 8). ... 159

Figure 7.1: An overview of the major findings iretpresent research project................... 167

Figure 7.2: A conceptual representation of irorns&m and lead transport and handling in the
intestinal epithelium (enterocytes) of fish. At tapical membrane, the uptake of inorganic free
ferrous iron (F&), cadmium (C8&") and lead (PB) is mediated by divalent metal transporter-1
(DMT1). Cadmium may also be taken up by Zrt- andike proteins (ZIP family of zinc

transporters; ZIP8) and L-type calcium {achannel. Cadmium-cysteine conjugate Cd(Cys)
gains entry into enterocytes through a specifidesge transporter. Intracellular iron, cadmium
and lead may bind to iron storage protein ferrittadmium may induce the transcription of
metallothionein (MT), which also sequester intradel free cadmium ion, and heat shock
proteins-70 (HSP70) genes. Basolateral transferoafand cadmium occunga iron regulated

protein-1 (IREG1). Cadmium (and possibly lead) Isoaextruded into the blood stream by
calcium-ATPase (Ca&-ATPase) and sodium/potassium ATPase *(K&ATPase). Following

extrusion, cadmium binds to transferrin, albuminl @ed blood cells (RBC) in the blood. The

guestion marks represent an uncertain procesSamMPI SYSIEMS. ......covvvvvvvivriiiiiiieirsseeeenn. 173

XVii



Figure Al: The relative distribution (%) ¢&) ferric (F€") or (b) ferrous (F&" iron in the
mucus, mucosal epithelium and tissue plus seradalesin the isolated anterior, mid and
posterior intestine of rainbow trout, exposed toM iron at 15°C for 2 h. Bars labelled with
different letters are significantly different withthe same intestinal segment (One-way ANOVA
followed by a post-hoc LSD tegi;< 0.05). Values are mean + SEM=Z5). ..., 204

Figure A2: The effects of mannitol (350 mM) in theicosal saline on the fluid transport rate
(positive values represent the net fluid transjann the mucosal to the serosal side, and vice
versa for the negative values), ferric {ffeand ferrous (&) iron uptake rates in the mid and
posterior intestine exposed to 2 puM iron at 15°CZd. Bars labelled with different letters are
significantly different (One-way ANOVA followed by post-hoc LSD tesfi < 0.05). Values are
MEAN £ SEMI = 5) ..ttt ettt te et e et tessee bt st e bttt e bt bmnem e e e eeeeeeeee e 205

Figure A3: The effects of different concentratimiextracellular(a) cadmium (Cd) o(b) lead
(Pb) on the release of lactate dehydrogenase (LRid)a are presented as % relative to
intracellular LDH) from isolated rainbow trout erdgeytes to the exposure media over time. No
statistical difference was recorded across timesaamong treatments. Values are mean + SEM
(LIS E ) TR USSR UPRR PRI 206

Figure A4: Concentrations of iron (Fe) (Lg/g weighe) in the(a) gill, (b) liver, (c) stomach(d)
intestine,(e) kidney, (f) carcass an(h) whole-body of rainbow trout exposed to the norirat,
high Fe, normal Fe + cadmium (Cd), and high Fe +d@tk. In the stomach, bars labelled with
different letters represent statistical differenblm statistical difference was recorded in other
organs (Three-way ANOVA with time, dietary Fe, adiétary Cd as independent variables,
followed by a post-hoc LSD tegi;< 0.05). Values are mean = SENIX 8). ..o, 207

Figure A5: The mRNA expression profile of metaliotein-A (MT-A) and -B (MT-B), and
heat shock protein-70a (HSP70a) and -70b (HSPTOiela, b) gill, (c, d) intestine (e, f) liver,
and(g, h) kidney of rainbow trout. The expression levelalbfgenes were normalized feactin
from the same tissue, and were expressed relatieglter MT-A or HSP70a for the respective
gene. Bar labelled with an asterisk representssstatl difference (Student’stest; p < 0.05).
Values are mean £ SENM E 8). ... 208



LIST OF ABBREVIATIONS

°C = Degree Celsius

ul = Microliter

ug/g = Micrograms

uM = micromolar concentration

ANOVA = Analysis of variance

ATPase = Adenosine triphosphatase

Ca = Calcium

Cd = Cadmium

cDNA = Complementary deoxyribonucleic acid
Ci = Curie

Co = Cobalt

cm = Centimeter

CPM = Radioactivity counts per minute

Ctrl = Copper transporter-1

Cu = Copper

Cys = Cysteine

DFO = Desferrioxamine mesylate

DIDS = 4,4'-Diisothiocyano-2,2'-stilbenedisulforacid
DMT1 = Divalent metal transporter-1

DNA = Deoxyribonucleic acid

XiX



dNTA = Deoxyribonucleotides

ECaC = Epithelial calcium channels

EDTA = Ethylenediaminetetraacetic acid

Fe =Iron

FTR = Fluid transporter rate

g = gram

GFAAS = Graphic furnace atomic absorption spectitoyne
h = hour

HCL = Hydrochloric acid

HCO;s = Bicarbonate

HEPES = 4-(2-hydroxyethyl)-1-piperazineethanesutf@cid
HNO; = Nitric acid

HSI = Hepato-somatic index

HSP = Heat shock protein

HSP70a = 70 kDa heat shock protein isoform a
HSP70b = 70 kDa heat shock protein isoform b

ICs0= The half maximal inhibitory concentration

IREG1 = Iron regulated protein-1

ISA = Intestinal surface area

ISI = Gastro-intestinal somatic index

Jin = Metal uptake rate

XX



Jmax = Maximum uptake rate of metal
kg = Kilogram

Km = Apparent binding affinity / the concentrationroétal that leads to half-maximal velocity
LDH = Lactate dehydrogenase

LSD = A least significant difference test
mg = Milligram

mCi = Millicurie

min = Minute

mL = milliliter

mM = Millimolar

Mn = Manganese

mOsm = Milliosmole

MRNA = Messenger ribonucleic acid
MS-222 = Tricaine methanesulfonate
MT = Metallothionein

MT-A = Metallothionein isoform A
MT-B = Metallothionein isoform B

N = Normality

NaOH = Sodium hydroxide

ng = Nanogram

nmol = Nanomole

XXi



Ni = Nickel

Nramp = Natural resistance-associated macrophageipr

Nramp{ = Natural resistance-associated macrophage pristgiorm3
Nrampy = Natural resistance-associated macrophage pristefiormy
NTA = Nitrilotriacetic acid

Oligo = Oligonucleotide

Pb = Lead

PCR = Polymerase chain reaction

pmol/mg protein/min = picomole per milligram of pem per minute
Q10 = Temperature coefficient

r> = Regression coefficient

RNA = Ribonucleic acid

RT-qPCR = real time quantitative polymerase chaaction

SA = Specific activity / amount of radioactivity penit amount of metal
SEM = Standard error of the mean

slc1ll = Solute carrier 11

t=Time

Tf = Transferrin

TIBC = Total iron binding capacity

UD = Under the detection limit

UIBC = Unsaturated iron binding capacity

XXii



ZIP = Zrt- and Irt-like proteins

Zn = Zinc

XXxiii



CHAPTER 1: General Introduction

1.1 Importance of dietary exposure in metal accumalion and toxicity in wild fish

Fish are unique among the vertebrates since treegxgrosed to metalsa both water and
diet. Presently, the mechanisms of uptake, reguiadind toxicity of waterborne trace metals in
fish are quite well characterized (Wood, 2001; Betyal, 2003). In contrast, the current
understanding of uptake, homeostasis and toxidityiedary trace metals in fish is limited. This
is despite the fact that dietary exposure is oftensidered to be more important than the
waterborne exposure in natural environments comat®d with metals (Woodwaset al, 1994;
Faraget al, 1999). It has been shown that chronic dietargtinent with invertebrates collected
from a metal-contaminated environment increaseslntedy burden and produces oxidative
stress in rainbow trout Qncorhynchus mykiss(Farag et al, 1994). Cutthroat trout
(Oncorhynchus clarki fed with a similar diet exhibits a reduction ieetling activity and
degeneration of intestinal epithelium (Fareigal, 1999). In addition, an increase in plasma
glucose and cortisol levels was reported in fisth ¥@th a metal-contaminated natural diet
(Hodsonet al, 1978; Faraget al, 1999), indicating the elevated stress respomsdish. Such
pathophysiological effects induced by elevated adietmetal exposure may lead to growth
impairment, and ultimately death (Woodwaetal, 1994; Hansert al, 2004; Ng and Wood,
2008). These findings highlight the importance wtaly exposure in metal accumulation and
toxicity to wild fish populations. However, the ceint water quality regulations for metals in
Canada, and many other jurisdictions across thédwdo not account for the effects of dietary

exposure. Presently, there is a recognized neefdifiier research to develop our understanding



of the link between the uptake/accumulation andumicr toxicity of dietary metal exposure in

fish.

1.2. Overview of the gastrointestinal system of fehwater fish

The gastrointestinal system of teleost fishes gadensiderably due to factors such as
adaptation to food type and phylogeny (evolutionbistory of species). Since the present
research project used a freshwater salmonid speaiedow trout, as the experimental model
(see section 1.8 for details), the overview of gastrointestinal function is focused on this
species.

As opposed to herbivorous or omnivorous fish whigtically have no stomach, rainbow
trout is a carnivorous fish and has a defined stbmior initial physical and enzymatic
breakdown of food. The gastric glands in the stdmsecrete concentrated hydrochloric acid
(HCI) to denature protein and to break down macilemdes into smaller units. Stomach pH in
trout varies between 1 and 5, depending on thearfgestate (Buddington and Kuz'mina, 2000).
The patrtially digested food (chyme) entering irite intestine is then mixed with secretions from
the intestine as well as from the pancreas andidadider through pancreatic and bile ducts,
respectively. The secretions include digestive eres; electrolytes and bicarbonate. Bicarbonate
neutralizes the acidic pH of the chyme coming friv@ stomach, and is believed to play some
role in osmoregulation during acclimation to saleva(rainbow trout is a euryhaline species
which can adapt to both freshwater and saltwateir@mments) (Wilsoret al, 2002; Groselket
al., 2007). The pH in the intestinal lumen of rainbwaut is around 7.3 (Vielma and Lall, 1997;
Saghari Farcet al, 2007), and the intestinal tract can be broadiydéd into three sections
morphologically: the anterior intestine which cangaa number of blind-sacs known as pyloric

caecae, the mid intestine which is narrower and &fecaeca, and the posterior intestine which
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has a larger diameter, visible external annulats@nd internal mucosal folds. It is believed that
the presence of pyloric caecae in the anteriorsiimte increases the surface area for nutrient
digestion and absorption (Buddington and Diamor@86), while the internal mucosal folds in
the posterior intestine increases absorptive seréaeas as well as increasing retention time of
food (Ezeasor and Stokoe, 1980).

Despite the distinct morphological difference aldng intestinal tract of rainbow trout, the
cell type in the mucosal epithelium along the tiaceported to be quite similar (Buddington and
Diamond, 1987). Typically, four major types of églial cells are found in the intestine of trout,
absorptive enterocytes and three secretory celter@endocrine cells, goblet cells, and paneth
cells, which secrete hormones, mucus and lysozymespectively. However, the absorptive
mechanisms for most of the nutrients remain largeknown. Simple diffusion, paracellular and
carrier-mediated pathways (e.g., through speaificgporters or channels) have been proposed to
be the possible routes for nutrient absorption é8liet al, 2011). In general, cellular uptake of
nutrients across the intestine involves three st@sabsorption of nutrients through the apical
membrane into the epithelial cells, (2) intraceltutrafficking of nutrients to the basolateral

membrane, and (3) extrusion of nutrients from #lésanto the bloodstream.

1.3. Current understanding of the physiological andnolecular characteristics of dietary

divalent metal uptake in fish

Among different divalent trace metals, the dietapfake mechanisms of only copper and
zinc in freshwater fish have been studied in carsidle depth. Several recent studies have
provided important physiological and molecular gids into the uptake of copper in the piscine
gastro-intestinal tract. In freshwater rainbow trdhe anterior intestine has been found to be the
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major site for copper absorption (Clearwaterl, 2000; Ojo and Wood, 2007). Clearwateil.
(2000) has suggested that the apical uptake ofnlainciopper in rainbow trout occurs through a
passive diffusive mechanism, whereas a carrier-meditransport process is involved in the
basolateral extrusion of copper. Similar observetibave also been reported in the African
walking catfish Clarias gariepinuy (Handy et al, 2000). However, recent studies have
demonstrated that the apical uptake of luminal eopp rainbow trout occurs through a proton-
coupled mechanism, at least partially (Hamdyal, 2002; Burke and Handy, 2005; Nadeia
al., 2007). These studies suggested that luminal copaesport is possibly mediated by the
homologs of mammalian iron (divalent metal tranggret, DMT1) and/or copper transporters
(copper transporter-1, Ctrl). Both DMT1 and Ctré proton-divalent metal symporters, which
have been shown to be of physiological importanceapper absorption in the mammalian
intestine (Arredondeet al, 2003; Sharp, 2003). In rainbow trout, the intestiexpression of
DMT1 remains to be investigated, while a cDNA seweethat shows high similarity to the
mammalian Ctrl has been found to be expressed #iengntire gastrointestinal tract of rainbow
trout (Nadellaet al, 2011). This finding suggests Ctrl may be involiredietary copper uptake
in rainbow trout. Basolateral extrusion of copp@pithe bloodstream in the piscine intestine is
also probably similar to the mechanism in the matiamayut, which is mediated by a Menkes
copper-ATPase (Camakaret al, 1999). This transport protein has been recentiped in
zebrafish Danio rerio) (Craiget al, 2009). In the African catfish however, copperrasion is

suggested to occur mainla a copper/chloride symporter (Hanetyal, 2000).

Similar to copper, zinc absorption occurs primairiythe anterior intestine of rainbow
trout (Ojo and Wood, 2007). Similar observationgenalso been reported in marine fish such as

plaice Pleuronectes platesyéShears and Fletcher, 1983) and black sea bféaanthopagrus



schlegel) (Zhang and Wang, 2007). In rainbow trout, a sdile uptake mechanism for luminal
zinc has been demonstrated, indicating the invobrénof a carrier-mediated process (Glover
and Hogstrand, 2002). The precise mechanism farteamsport across the intestinal epithelium
of fish is poorly understood. However, cDNA sequenhighly similar to the mammalian apical
(ZIP family, Zrt- and Irt-like proteins) and bastdeal (ZnT family) zinc transporters have been
identified and cloned in zebrafish and rainbow tr@eeeneyet al, 2005; Qiuet al, 2007).
Feeneyet al. (2005) also observed that aqueous exposure to rmodulates the intestinal
expression of ZIP and ZnT in zebrafish, suggediegpotential role of these transporters in the

homeostatic regulation of dietary zinc absorption.

A few previous studies have investigated the meshanof dietary iron uptake in fish,
however the focus has been exclusively on marste Mammalian homologs of an apical iron
transporter DMT1 (a ferrous iron/proton symporteye been cloned in a number of marine fish,
such as puffer fishT@kifugu rubripe} (Sibthorpeet al, 2004), striped bas$prone saxatili}
(Burgeet al, 2004), and Japanese floundeagalichthys olivaceys(Chenet al, 2006). Recent
physiological studies have shown that ferrous ifeef") is more bioavailable than ferric iron
(FE€") in the intestine of the marine fish European fiider Platichthys flesus(Bury et al, 2001)
and gulf toadfish@psanus befa(Donovanet al., 2000, suggesting the involvement of DMT1.
DMT1 in marine fish is suggested to transport iedficiently at circum-neutral pH (Burgt al,
2001; Coopekt al, 2006a), which is different from the functionabperties of the mammalian

DMT1 (see section 1.4.1 for details).

To date, the physiological characteristics of diet@on absorption in freshwater fish

have not been investigated. The chemical envirohmkthe gut in freshwater fish is markedly



different from that in marine fish, which may bdleeted by different mechanisms of iron
uptake. For instance, marine fish maintain a mdialiae pH and significantly higher
bicarbonate level in the gut lumen (Wilson, 1998herefore, one goal of my thesis is to
examine whether the strategy of dietary iron altsmmpn freshwater fish is different from that

in marine fish.

1.4. Insights of iron uptake and its interactions wh other divalent metals from mammalian

studies

1.4.1. Physiological and molecular mechanisms ofon uptake and homeostasis

In mammals, it is generally believed that iron hostasis is primarily regulated through
the absorption process, and the excretion of idagspa minor role (Andrews, 2000). Dietary
iron primarily exists in two forms: inorganic fornfferric (F€*) and ferrous iron (F&)] and the
organic form (heme iron). The heme iron is beliet@tbe more bioavailable than the inorganic
iron (Mackenzie and Garrick, 2005), however the magcsm for heme absorption is poorly
understood. It has been proposed that the heméercarotein-1 mediates heme uptake
(Shayeghet al, 2005), the absorbed heme is then disassembleddsgsomal heme oxygenase,
and the liberated iron enters the same storagetramdport pathways as the inorganic iron
(Raffin et al, 1974). In the diet, most inorganic iron is prasas ferric iron complex (e.g.,
chelated to organic ligands). After ferric iron dsssociated from the complex in the acidic
stomach, an iron binding glycoprotein, gastroferwhich is secreted from the stomach, binds to
ferric iron and maintains it in solution (Powell al, 1999). The ferric iron is then reduced to the

ferrous form by luminal components such as ascerfaucheet al, 2004), and/or by an apical



ferric reductase (McKieet al, 2001). The absorption of ferrous iron into theeeocytes is
mediated by DMT1 (Gunshiat al, 1997). DMT1 is a member of the highly conservedmp
(natural resistance-associated macrophage prdgamly, and is expressed predominantly in the
duodenum of the gastrointestinal tract of mammalsghinet al, 1997). The transport function
of DMT1 is facilitated by a proton gradient @i* symporter) and membrane potential
(Gunshinet al, 1997; Tandyet al, 2000). To date, four different DMT1 mRNA isoforrhave
been identified in mammals, two of which contaioniresponsive element (IRE) in the 3’
untranslated region. The DMT1 mRNA transcripts WIRE have the ability to sense the
intracellular iron level, whereas the DMT1 tranptsiwithout IRE lack this function (Lest al,
1998). In addition, the relative expression as vaslithe cellular localization of each isoform
differs in different cell types (Garriclet al, 2003). A recent study has suggested that an
independent absorptive pathway for ferric iron mtsp exist in mammalian systems (Conead
al., 2000). After iron enters the enterocytes, it Bimal the ferritin protein for storage, or being

transported to the basolateral membrane for extnusito the blood stream.

Extrusion of iron from the enterocytes into the dalocirculation occurssia an iron
exporter protein called iron regulated proteinREG1, also termed as metal-transporter protein
(MTP1), ferroportin, and slc11 a3] (McKet al, 2000). The IREGL1 is coupled to a basolateral
membrane-bound oxidase, hephaestin, which oxideeeus iron into the ferric form before
binding to the iron circulating protein, transferrin the plasma (Vulpet al, 1999). Iron is
mainly transported throughout the body bound wiéimsferrin. On the other hand, IREG1 also
plays a critical role in recycling of heme iron fiomacrophages after erythrophagocytosis

(ingestion of degenerated red blood cells) (Knutaod Wessling-Resnick, 2003). Therefore,



IREG1 controls how much dietary iron enters int@dd circulation as well as providing

immediate adjustment on circulating plasma ironutson and Wessling-Resnick, 2003).

Regulation of dietary iron absorption is governgdsbveral physiological and molecular
processes in mammals. For example, increase inetabderric reductase activity and DMTL1
MRNA levels in response to iron deficiency havenbeported in mammalian systems (Gunshin
et al, 1997; McKie et al, 2001; Zolleret al, 2001). In addition, DMT1 protein at the
microvillus membrane of duodenal enterocytes wasvshto migrate into the cytoplasm during
high iron intake (Trindeet al, 1999). In contrast, dietary iron appears to Hase effect on the
gene expression of IREG1 and hephaestin (Frateal, 2003). Instead, both IREG1 and
hephaestin expressions are more sensitive to iodystorage (Chent al, 2003). During iron
overload, the liver secretes a peptide hormoneitliepinito the blood stream, and hepcidin binds
to IREG1 and induces its internalization and degtiad, thereby reducing iron export into the

blood circulation (Nemetbt al, 2004).

1.4.2. Iron transport pathway — linkage to the absgtion of other divalent metals

The dietary interaction of iron with other divalenetals (e.g., copper, zinc, nickel, lead
and cadmium) has long been recognized in mammalgkiétset al, 1987; Kozlowskeet al,
1993; Goddarcet al, 1997; Iturria and Nufiezb, 1998). However, thesrof DMTL1 in these
interactions has been suggested in the fairly tegast (Gunshiret al, 1997; Arredondeet al,
2003; Garricket al, 2003). Interestingly, in addition to ferrous ir@®e&"), mammalian DMT1
has been shown to transport several other divatestals, both essential [copper Qu zinc
(Zn*"), cobalt (C8"), nickel (NF") and manganese (MB] and non-essential [cadmium (€}

and lead (PB)] (Gunshinet al, 1997; Sacheet al, 2001; Arredondet al, 2003; Bannoret al,
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2003; Tallkvistet al, 2003; Mackenzie and Hediger, 2004). Moreover,peoand zinc have
been found to modulate the mRNA expression of DMifiereby potentially affecting the

absorption of dietary iron (Yamagit al, 2001; Tennangt al, 2002).

1.4.3. Interplay between iron and cadmium

In higher vertebrates including mammals, the advesffect of cadmium on iron
homeostasis is quite well documented (Kozlowskal, 1993; Bressleet al, 2004; Moulis,
2010); however, the underlying mechanism is stiltlaar. Anemia (iron deficiency) is among
the most common pathological symptoms reported aidmium intoxication (Kozlowsket al,
1993; Horiguchiet al, 1996). In enterocytes, cadmium competes with fmnuptakevia the
apical iron transporter DMT1 (Bannaet al, 2003; Okubocet al, 2003), and an iron-deficient
diet was shown to increase intestinal DMT1 expaessis well as cadmium body burden in rats
(Park et al, 2002; Ryuet al, 2004). These findings indicate that the mammalaviTl
contributes to cadmium accumulation. In addition, ieon-supplemented diet was found to
reduce the accumulation and toxicity of dietaryroadn in rodent models (Grotest al, 1991;
Wiostowskiet al, 2003). The protective effects of elevated dietesg are suggested to be due
to the compensation of cadmium-induced deprivatadntissue iron, and/or inhibition of
cadmium absorption from the gastrointestinal trdetreby reducing its accumulation in target
organs (Foxet al, 1980; Groteret al, 1991; Wiostowsket al, 2003). Moreover, transferrin and
ferritin have been shown to bind to cadmium (Hushedral, 1987; Sugawarat al, 1988;

Granieret al, 1998), suggesting their role in cadmium handéng metabolism.



1.5. Molecular evidence of iron uptake mechanism ahits interactions with other divalent
metals in freshwater fish

Despite the lack of mechanistic knowledge of integdtiron uptake in freshwater fish, the
physiology of dietary iron transport can be spe®aaased on recent molecular evidence. For
example, cDNA sequences that show high similaotghie mammalian apical iron transporter
DMT1 have been cloned in a number of freshwatér, fiscluding carp Cyprinus carpi (Saeij
et al, 1999), rainbow trout (Dorschner and Phillips, 99€ooperet al, 2007), and zebrafish
(Donovanet al, 2002). Donovaret al. (2002) showed that zebrafish that have defectivelr D
cannot absorb a sufficient amount of iron, whichsaguently causes hypochromic (reduction of
hemoglobin level) and microcytic (decrease in tize ®f red blood cell) anemia. Coopatral.
(2007) identified two isoforms of DMT1 transcrigtdramp# and—y) in the gill of rainbow trout,
and both DMT1 isoforms were found to import ferraten at pH< 7.4 when expressed in
Xenopusoocytes. On the other hand, the basolateral wawsfiron in the fish intestine has been
proposed to occwia the mammalian IREG1 homolog. The putative IREG4 Ieen cloned in
zebrafish, and a mutant of the protein has beewsho cause an increase in iron accumulation
in the intestine (Donovast al, 2000). In addition to epithelial iron transporbfeins, several
other proteins that are involved in iron homeostasimammals are also expressed in teleost fish,
such as the iron circulating protein transferriror(k 2001; Yanget al, 2004) and the
intracellular iron storage protein ferritin (Anderset al, 1995). Presumably, the machinery for
iron regulation is evolutionarily conserved betwdésh and mammals, and the functional role of
those iron transport/binding proteins is similarthat of the mammalian homologs. The overall

absorptive pathway of iron in piscine systems {ikeesembles to mammalian systems. A
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hypothetical representation of the intestinal i@sorption pathway in fish is illustrated in

Figure 1.1.
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Ferric
reductase

Blood
circulation Fe2t Fe3+

Figure 1.1: Hypothetical representation of inorgarmn uptake in the enterocytes of teleost fish.
At the apical membrane, ferric iron (Feis reduced to the ferrous form Beby ferric
reductase. The uptake of #dnto the enterocytes is mediated by &'F¢" symporter, the

divalent metal transporter-1 (DMT1). Intracellulse’* is either bound to ferritin for storage

following oxidation to F&, or moved out from the cell by iron regulated piotl (IREG1) at
the basolateral membrane. Ferrous iron is oxidipe@e€* by hephaestin, and ¥ebinds to

transferrin in the blood for circulation to othaternal organs.
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Similar to mammalian systems, the inhibitory eféecif other divalent metals [both
essential (e.g., Zf and C3") and non-essential (Edand PB"] on iron transport have been
reported inXenopusoocytes expressing the gill DMT1 transcripts (b&trampfg and —y
isoforms) of rainbow trout (Coopet al, 2007). Coopeet al. (2007) also reported that Nrarfip-
can transport cadmium into the oocytes. In additibnhas been shown that exposure to
waterborne cadmium inhibits branchial iron absaomptin zebrafish (Bury and Grosell, 2003b),
and zebrafish fed with a low iron diet exhibit aicrease in the intestinal expression of DMT1
and an increase in the accumulation of cadmiumhe liver (Cooperet al, 2006b). These
findings provide circumstantial evidence that DMiElprobably involved in the absorption of
cadmium in fish.However, the physiological role of DMT1 in the tsport of iron as well as
other divalent metals, including toxic metal such cadmium, in the gut of freshwater fish

remain to be investigated.

1.6. Physiological effects of cadmium exposure oreshwater fish — waterborne vs dietary

The physiological effects of waterborne cadmiumasype on freshwater fish are well
documented. The primary effect of acute waterbaa@mium exposure on freshwater fish is
disruption of calcium balance, leading to hypocaia (low plasma calcium level) and
ultimately death (Wood, 2001). At the cellular levaduction of hypocalcaemia by waterborne
cadmium is associated with the impairment of actadcium transport by the competitive
blockade of apical calcium channels and/or seledihibition of basolateral calcium-ATPase
transporters by cadmium in gill chloride cells (vestet al, 1987; Verboskt al, 1989). In
addition, chronic exposure to sublethal waterbaa@mium level disturbs respiration (Majewski

and Giles, 1981) and ion regulation (Haux and larssl984; McGeert al, 2000), and
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increases the stress response in fish (Brodeal, 1998; Lacroix and Hontela, 2004). However,
fish develop an increased tolerance to acute cadntaxicity during acclimation to chronic

waterborne cadmium exposure (Holisal, 1999; Stubblefielet al, 1999), probably due to the

induction of cadmium-sequestering proteins (e.gtaffothionein) which bind to cadmium and
keep it in a metabolically inactive form (Holkt al, 2001; Chowdhuret al, 2005).

Dietary cadmium exposure also contributes sigmifigato cadmium accumulation in
freshwater fish (Szebedinszlgt al, 2001; Chowdhuryet al, 2004a; Ng and Wood, 2008);
however its toxicological implications remain lagenknown. The current information on the
effects of dietary cadmium exposure on ion hometsta fish is contradictory as both no
effects and modest disturbances have been rep@htatapet al, 1989; Pratap and Bonga, 1993;
Chowdhuryet al, 2004b). Nonetheless, chronic exposure to enviesraily relevant dietary
cadmium has been found to inhibit the growth r&tansenet al, 2004; Ng and Wood, 2008)
and to increase metallothionein level in targetaogyof fish (Berntsseet al, 2001). In addition,
dietary cadmium exposure was shown to decreasediebiio and haematocrit (the proportion
of red blood cells to the total volume of the blptalels in rockfish $ebastes schlege(Kim et
al., 2004), which are the symptoms of iron deficierféyice cadmium can interact with intestinal
iron transport {ia DMT1) as well as systemic iron handling (e.g.,dony to transferrin and

ferritin), dietary cadmium exposure may affect immatabolism and homeostasis in fish.
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1.7. Research objectives
Rationale

Although recent molecular evidence suggests tleatiétary iron absorption in fish may
be similar to that in mammals, the physiologicaéretteristics of dietary iron absorption in
freshwater fish are still unknown. In mammals, stwell documented that several different
divalent metals [both essential (e.g., copper and) and non-essential (e.g., cadmium and lead)]
interact with the iron transport pathwai DMT1, and DMT1 is suggested to be important in
the absorption of cadmium. However, the potenirddge of iron transport with the absorption
of other divalent metals in the fish intestine igually unknown. Importantly, iron, copper and
zinc play an essential role in cellular metabolismat can be toxic at elevated concentrations.
Cadmium and lead are very toxic to freshwater #sien at low concentrations. Therefore,
understanding the mechanisms of dietary divalenahadsorption and interactions in freshwater
fish is important. Such interactions may influertbe uptake and accumulation of divalent
metals, which can have vital nutritional and tological importance in freshwater fish,

especially in a contaminated environment.

Hypotheses

I hypothesized that (i) the physiological propestief dietary iron absorption in
freshwater fish resembles that of mammals; (ii) OM3 expressed in the gut of freshwater fish
and mediates the uptake of dietary iron; (iii) sav@ther divalent metals (both essential and
non-essential) interact with the iron transportpaty via DMT1, and this pathway is important
in the absorption of dietary cadmium in fish; (igxposure to dietary cadmium increases

cadmium burden in target organs, and adverselygtaftbe physiology of fish; and (v) if dietary
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iron and cadmium are absorbed through the samevpgtha DMT1, an iron-enriched diet may
reduce the absorption of dietary cadmium, theredigrgially ameliorating the effects of dietary

cadmium on fish.

Experimental model

The freshwater rainbow trout was used as a moasliap for this research project for the
following reasons: (i) Toxicological sensitivity:ndong the freshwater teleost, rainbow trout is
one of most sensitive species to metal exposure-HBS, 2001); (i) Experimental
manipulations: the larger size of rainbow troutntledher freshwater species commonly used in
toxicological investigations (e.g., zebrafish, nows) allowed easier surgical manipulation for
investigating intestinal transport properties (gpgeparatiorof intestinal sacs, see Chapter 2 and
3) as well as providing a better yield of isolaterocytes, used for the characterization of
cellular metal uptake (Chapter 4 and 5). (iii) Aahility of genetic information: The nucleotide
sequence of the iron transporter DMT1 has beertifghand cloned in the gill of rainbow trout.
This information facilitated the examination of gastestinal expression of this gene, and
allowed the evaluation of the functional properéshe gastrointestinal DMT1 in iron transport
and its interactions with other divalent metals g@ter 2-4). In addition, genes encoding iron-
handling protein (transferrin) and key stress-respgroteins (e.g., metallothioneins, heat shock
proteins) have been cloned and characterized snsiecies, which allowed the examination of
the possible alterations in their expression ipoese to iron and cadmium interactions (Chapter

6).
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Objectives
The overall goal of my thesis was to investigate thysiology of dietary iron

absorption and its importance for the uptake anthbwdism of other divalent metals, with a

particular emphasis on cadmium, in freshwater fiBhe specific research objectives and the

experimental approach employed are outlined below:

1. Characterization of the physiological propertiesintestinal iron absorption in freshwater
fish (Chapter 2).In this study, ann vitro gastrointestinal sac technique was employed to
characterize the physiological properties of intedtiron absorption (both ferric and ferrous)
in rainbow trout. This experimental technique akalrvevaluation of metal transport into
different tissue compartments of the intestine.(exgetal binding to mucus, absorption into
the mucosal epithelium, and transfer into the sdrside). The spatial patterns, and the time-
and concentration-dependent profile of intestimah iabsorption, as well as the effects of
physio-chemical conditions (e.g., temperature, phtl ahelation) on intestinal iron

absorption were determined.

2. Examination of the potential interactions of ironttwother divalent metals in the fish
intestine (Chapter 3By using isolated gastrointestinal sacs, the pgi@teimteractive effects
of several divalent metals, both essential (coppec, nickel and cobalt) and non-essential
(cadmium and lead), on iron absorption (ferric &rdous iron) were examined. In addition,
the possible reciprocal effects of elevated lumifeatous iron on cadmium and lead

accumulation were evaluated.
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3. Characterization of the pharmacokinetic propertadsron uptake, and its interaction with
cadmium and lead in isolated fish enterocytes (@drag). To investigate the precise
pharmacokinetic properties of apical iron uptake @&s interactions with cadmium and lead,
a more sophisticatedn vitro experimental system, freshly isolated enterocyteas
employed in this study. This approach allowed thalweation of apical metal uptake in the
intestinal epithelium without the confounding irdhce of mucus secretion. The kinetic
(time- and concentration-dependent profile) anatfimmal (effects of pH, redox state of iron
and membrane potential) properties of apical irptake were investigated. In addition, the
nature of interactions (e.g., competitive or nompetitive inhibition) between iron and
cadmium or lead was evaluated. The spatial exmmessi DMT1 along the gastrointestinal

tract was also examined.

4. Characterization of the mechanisms of cadmium frartsin isolated fish enterocytes
(Chapter 5).The mechanisms of intestinal cadmium uptake (irepeshdent and iron—
independent) and efflux were investigated usindatsd enterocytes as the experimental
system. The time- and concentration-dependentlesofif cadmium uptake, as well as the
influence of extracellular iron, zinc and calcium oadmium uptake were examined. In
addition, the effects of an organic ligand cysteamel several pharmacological modulators
(e.g., calcium channels blockers, ATPase and amitransporter inhibitors) on cadmium

uptake and/or efflux were evaluated.
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5. Examination of the interactive effects of dietargni and cadmium on iron homeostasis,
tissue-specific metal accumulation, and the exjpoassf stress-inducible genes (Chapter 6).
To examine thén vivo chronic effects of dietary iron and cadmium intti@ns, fish were
treated for 28 days to four different diet regimeermal iron (control), high iron, normal
iron plus cadmium, and high iron plus cadmium. Effects of dietary cadmium exposure
on systemic iron handling (plasma and tissue ir@us, hepatic transferrin expression),
tissue-specific cadmium accumulation, and expressiof stress-inducible genes
(metallothioneins and heat shock proteins) in taoggans, and how these variables were

influenced by elevated dietary iron, were evaluated
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CHAPTER 2: An in vitro examination of intestinal iron absorption in a

freshwater teleost, rainbow trout Oncorhynchus mykiss)*

2.1 Introduction

Iron is an essential nutrient for most life formmsluding fish. It is a component of many
vital proteins and enzymes such as hemoglobin, fopag cytochrome P450 and mitochondrial
electron transport chain enzymes. In fish, a varndtadverse physiological consequences have
been reported as a result of iron deficiency, sashanemia (Kawatsu, 1972), poor feed
utilization (Gatlin and Wilson, 1986) and decreasbatching rate (Hiraet al, 1955). Iron can
also be toxic if it is in excess because it canegatie free radical species which may cause
cellular oxidative damage (Crichtoet al, 2002). Therefore, the maintenance of iron
homeostasis in the body is critically important. wéwer, the precise daily dietary iron
requirement for teleost fish is not known. It idiéeed that the concentration of iron in the diet
required to prevent iron deficiency syndromes Bhfis in the range of 30-170 mg iron kg
(Watanabeet al, 1997). It is to be noted though that the absorpéfficiency of iron in fish is
relatively low (Bury and Grosell, 2003a), therefaren level incorporated into the commercial

fish diet is often higher than the potential reqment in order to ensure enough available iron.

! This chapter has been published in the JournalCofnparative Physiology Part B -
Biochemical, Systems, and Environmental Physioldg8: 963-975 (2008) under joint
authorship with Som Niyogi (University of Saskatala)
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Much of the information about the intestinal irdssarption in vertebrates is gained from
the mammalian systems. In mammals, the regulatioron homeostasis is primarily governed
by intestinal absorption (Andrews, 2000). Dietagyrit iron (F&") complexes are first reduced
to ferrous iron (F&) by apical ferric chelate reductase (Mcleal, 2001), and the absorption
of ferrous iron into the enterocytes is facilitategl a divalent metal transporter called DMT1
(also termed as Nramp 2 and Sla 11 2a) (Gunsthah, 1997). Ferric iron can also be reduced to
the ferrous form by food ingredients such as asterijRajaet al, 1992). Although separate
absorption pathways for ferric and ferrous ironénbeen recently proposed (Congeddal, 2000),
the mechanism of direct absorption of ferric iratoithe enterocytes is not well understood. In
mammals, it is suggested that DMT1 is &'F¢" symporter and it functions most efficiently at
acidic condition (Gunshiret al, 1997). Interestingly, DMT1 is believed to be dalpaof
transporting several other divalent cations (e€3gZ’, Mn?*, Cd* and Nf*) apart from ferrous
(see review by Garriclet al, 2003). Extrusion of iron from the enterocytesoirthe blood
circulation occursvia an iron exporter protein called iron regulatedtgrel (IREG1) [also

termed as ferroportin (FPN) and SLC11A3] (Mcleieal, 2000).

Recent molecular evidence suggests that iron atisonn the piscine intestine may have
some resemblance to the mammalian systems. cDNAeregs that show high similarities to the
mammalian iron transporter proteins (e.g., DMTIE@) have been cloned in a number of fish
species (see review by Bury and Grosell, 2003a)ralnbow trout Oncorhynchus mykiss
DMT1 transcripts are located prevalently in thd, giitestine and kidney epithelia (Dorschner
and Phillips, 1999). Coopet al. (2007) identified two isoforms of DMT5Ic115 andslcll) in
rainbow trout which can transport ferrous iron. yh@emonstrated thaXKenopusoocytes

expressing either sicflor slcly isoform can efficiently transport ferrous iron @il 7.4,
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whereas ferrous import by sldllis more sensitive to inhibition by other divalerdtions
(Cooperet al, 2007). In addition, Coopeat al. (2006b) revealed that the transcript levels of
DMT1 increase in the gill and intestine of fishatted with a low iron diet. The activity of ferric
chelate reductase in the piscine gut has also bemrded recently by Carriquiribords al.
(2004). Taken together, the iron absorption medmarin the piscine intestine is likely similar to

that in the mammals.

Unlike mammals, fish can acquire iron by the gastestinal tract as well as by the gill.
The ability of the gills to absorb iron has beeweistigated in a few recent studies (Andersen,
1997; Bury and Grosell, 2003b; Cooper and Bury,7208Ithough the gill epithelium is able to
absorb iron to a certain extent, the intestinathggium is considered to be the major site of
absorption (Watanabet al, 1997). This is primarily because ferrous iron aartration is
usually quite low and ferric iron forms insolubten oxides in oxygenated fresh waters (Stumm
and Morgan, 1996). However, information on the pdlggical characteristics of intestinal iron
absorption in fish is very limited. Understandirg tkinetics and properties of intestinal iron
absorption in fish are important because the reigmaf iron absorption from the diet probably
plays the major role in iron homeostasis. To ddie,physiological characterization of intestinal
iron absorption has been conducted only in maiiste Bury et al, 2001). Buryet al. (2001)
demonstrated that the posterior intestine is thegmy site of iron absorption in European
flounder Platichthys flesus They also reported that ferrous iron is prefaadly absorbed over
ferric iron in the intestine of marine fish, imphg that a mammalian DMT1 homolog may be
involved in the absorption process. These obsematprovided some valuable insights into the
intestinal iron absorption in fish, however it slie noted that the chemical environment of the

gut in freshwater fish is markedly different frohmt of marine fish. For example, the intestinal
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fluid in freshwater fish has lower pH and aboutfédéohless bicarbonate/carbonate level relative
to that in marine fish (Wilson, 1999). Such diffieces can enhance the luminal solubility and
bioavailability of iron due to reduced inorganic nq@exation, which can influence the

physiology of intestinal iron absorption in fresherafish.

In the present study, an vitro gastrointestinal sac (gut sac) technique was eyagl¢o
characterize the physiological properties of intedtinorganic iron absorption (both ferric and
ferrous iron) in freshwater fish, using rainbowutrdO. mykis¥ as a representative species. The
main objectives of this study were threefold: @ etermine the spatial and temporal patterns of
intestinal iron absorption; (2) to characterize tmcentration dependent profile of intestinal
iron absorption; and (3) to evaluate the effectplofsico-chemical condition (e.g., temperature,

pH and chelation) upon iron absorption.

2.2. Materials and methods

2.2.1. Fish and experimental solutions

Rainbow trout ©. mykiss292.6 + 57.9 g wet weight, mean = S5 170) were obtained
from Lucky Lake fish farm, SK, Canada. Fish wereliatated for at least 4 weeks in the
laboratory condition and supplied with aerated,hitginated water in a flow-through system.
The water temperature (15°C) and photoperiod miedckatural conditions. Fish were fed
Martin’s commercial dried pellet feed (5-pt.; Martills Inc., Elmira, ON, Canada; containing
41.0% crude protein, 11.0% crude fat, 3.5% cruderfil% calcium, 0.85% total phosphate,

0.45% sodium) at a ratio of 2% wet body mass ddity. measure the iron concentration in the
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feed, 1 g feed was digested in five volumes of HINO; for 48 h at 60°C. The digest was then
analyzed for total iron by a flame atomic absonmptspectrometer (AAnalyst 800, PerkinElmer,
USA) following appropriate dilution. The measuredon level in the feed was
320.3 +36.3 mg Kg (mean + SDn =5). Fish were starved for 48 h prior to theie us the

experiments.

Iron uptake was measured using a radiotracer metkadiolabeled iron (aSFeCk) was
obtained from PerkinElmer, USA (specific activity72.55 mCi mg’, in 0.5 M HCI). A stock
solution of 1 mM°Fe was prepared by adding appropriate amount dféeCt and complexed
with 4 mM nitrilotriacetic acid (NTA) in MilliQ wagr. Since ferric iron is not soluble at
physiological pH, optimal solubilization and biodadility of ferric iron were achieved by
complexing with a chelator NTA at a molar ratiolof (F€*:NTA) (Teichmann and Stremmel,
1990). Aliquots of the stocR°Fe solution were then added to the mucosal salimedified
Cortland saline: NaCl 133, KCI 5, CaCl2HO 1, MgSQ:- 7H0 1.9, NaHCQ@ 1.9,
NaH,PO, - HO 2.9 and glucose 5.5 (all in mM)] (Wolf, 1963) &ahieve the desired iron
concentrations (see below for details) and buffexétd 20 mM HEPES, pH 7.4. The specific
activity of the mucosal saline was maintained gireximately 1.2 x 1DcpmuM™ total iron.
Preparation of ferrous iron was achieved by mixheP°Fe stock solution, prepared as described
above, with the reducing agent sodium ascorbate @olar ratio of 1:20 (Fe:ascorbate) for
30 min before adding into the mucosal saline. Hemtlg the term ferrous iron will refer to that
prepared from ferric iron by this method. All exipeental solutions were prepared freshly on the
day of experiments. The total iron concentratiothemmucosal salines was confirmed by a flame
atomic absorption spectrometer (AAnalyst 800, Retkner, USA) using a certified standard for

iron (Fisher Scientific, USA).
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2.2.2. Intestinal sac preparation

To characterize iron uptake in the intestine ofilbaiw trout, ann vitro gut sac technique
was adopted as described by Ojo and Wood (20075 &kperimental system has been
successfully used recently to characterize thesiim& copper and zinc uptake in freshwater fish
(Nadellaet al, 2006; Nadellaet al, 2007; Niyogiet al, 2007). Briefly, rainbow trout were first
euthanized with an over dose of MS-222 (0.25'g [The ventral side was cut open and the
entire gastro-intestinal tract was dissected oioim&ch and other internal organs were removed,
and the intestinal tract was transferred in thelHceld modified Cortland saline immediately
after dissection. The intestine was squeezed gantyflushed with saline to remove food and
feces. Visceral fats and connective tissues weneoved with forceps. Then the cleaned
intestinal tract was sectioned into anterior, midd aposterior intestine based on the
morphological differences (Ojo and Wood, 2007). @nd of each segment was sealed with a
surgical thread and a 5-cm piece of PE-50 polyetig/ltubing was inserted into the other end

and secured with a surgical thread to allow theimdation of mucosal saline.

2.2.3. Concentration and time dependent iron influxand spatial distribution of iron

absorption

Approximately 1-2.5 ml (depending on the size ahd section of the intestine) of
radiolabeled mucosal saline (containing 0.5xBDof *Fe?* or *°Fe**) was injected into the gut
sacsvia a syringe. The PE-50 tubing was flare sealed hadsac preparations were blotted dry
and weighed. Then the gut sacs were incubated lfoeXcept for the time-course study where

incubation were conducted for 1-4 h) in either 1Zfor mid and posterior intestine) or 30 ml
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(for anterior intestine) of the modified Cortlaralise serving as the serosal bath. Osmolalities of
the mucosal and serosal saline were measured a$ag0C vapor pressure osmometer (Wescor
Inc., Utah, USA). Osmolalities of the experimergalines were comparable across the range of
iron concentrations tested (e.g., serosal salink @M iron: 270 mOsm; mucosal saline with
20 uM iron: 283 mOsm). Temperature was maintained 4C1i5 a water bath (except for the
experiment where the effect of increased temperatuas assessed, see below). The serosal
saline was constantly aerated with 99.5%add 0.5% C@ during the entire exposure period
(i.e.,in vivo Pcoz levels in the blood are approximately 3.75 Torsub-sample of the mucosal
saline was taken for counting of radioactivity la beginning of the flux. Following the end of
the flux period, the sac preparations were remdvech the flux chamber, blotted dry and
reweighed for calculation of the fluid transporteia Subsequently, the gut sacs were drained out
completely, cut open by a longitudinal incision amalshed in either 5 ml (for mid and posterior
intestine) or 10 ml (for anterior intestine) of nifaetl Cortland saline and then in EDTA (1 mM)
for 1 min each. The ceca of the anterior sac warefally squeezed prior to washing to remove
radioactive fluid that might have been left insidlae gut sac and the surface mucus were blotted
dry using a tissue paper. The mucosal epitheliura gently scraped using a glass slide and
collected in a scintillatiowial. Surface area of the intestinal tissue was detethby tracing its
outline on a graph paper (Grosell and Jensen, 199@) washing solutions plus blotting paper,
the mucosal epithelial scrapings, the tissue layer the serosal saline were analyzed separately
for radioactivity on a Wallac 1480 Wizard §amma counter (PerkinElmer, USA) following the

manufacturer’s guidelines.

The influx of either ferric or ferrous iron was exiaed in all of the experiments using

the same experimental approach described aboveandple size of five fish per individual
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treatment was used for all of the experimemts 6 per treatment). To investigate the spatial
pattern of iron absorption and its interaction widmperature, all three intestinal segments
(anterior, mid and posterior) were used. For othdrsequent experiments, only the mid and
posterior intestines were used due to the app&aekif a carrier-mediated transport capacity in

the anterior intestine (discussed below).

An influx period of 2 h was selected for all expeents except for the examination of the
time course of iron uptake. This is based on oweolation that the iron uptake (see Figure 2.3
and Results section) and fluid transport ratesa(dait shown) became steady># h of
incubation. Similarly, a concentration ofu® of iron was chosen except for the examination of
concentration dependent iron uptake. This seleatias based on the pilot studies and previous
observation in the marine fish (Buet al, 2001). Fluid transport rates were measured in all
experimental treatments in order to examine whetheintegrity of the gut tissue was damaged

or deteriorated during gut sac preparations are{perimentations.

2.2.4. Effects of temperature and mucosal pH on fac and ferrous iron absorption

The temperature-dependant ferric and ferrous inmiake rate in the anterior, mid and
posterior intestine were examined at 15°C (acclonatemperature) and 25°C. The desired
temperatures were achieved by using a temperatunteetied water bath. This range of
temperature allowed evaluation f@io analysis in trout intestine to understand the tiine

properties of iron absorption (e.g., simple difiesor carrier-mediated).
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To determine whether iron uptake rates in the mul @osterior intestine were influenced
by mucosal proton concentration, the mucosal saliag prepared as described previously and
then adjusted to pH 6.6, 7.4 and 8.2 using HCI aON, buffered with 20 mM HEPES. These
pH ranges were chosen based on a previous molestuldy on iron absorption (Coopet al,

2007). The pH of the serosal saline was maintaat&d4.

2.2.5. Effects of solvent drag on ferric and ferros iron absorption

To examine whether solvent drag contributed toidesr ferrous iron uptake, 350 mM
mannitol was added into the mucosal saline whidreimsed the osmolality of the saline by
approximately 300 mOsm. Gut sac preparations from mid and posterior intestine were
infused with the radiolabeled mucosal saline witnmal (270 mOsm) and high (570 mOsm)

osmolality, then incubated and sampled as detaibede.

2.2.6. Effects of iron chelators, nitrilotriaceticacid and desferrioxamine mesylate, on ferric

and ferrous iron absorption

To evaluate whether NTA, a common metal chelatigcts the rate of ferrous iron
uptake in isolated mid and posterior intestingM radiolabeled ferrous iron was prepared as
described previously (i.e., complexed with NTA aaslcorbate) or complexed with 4™
ascorbate alone for 30 min before mixing with thecosal saline. Due to the insolubility of
ferric iron without complexation at physiologicaligpH 7.4), only the ferrous iron was tested in

this set of experiments.
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In order to examine the influence of desferrioxanmesylate (DFO), a specific ferric
iron chelator, on ferric and ferrous iron uptakeisolated intestine, a method similar to that
described by Buret al. (2001) was adopted. Briefly, after solubilizingetferric iron with the
aid of NTA (in case of preparing ferrous iron, abate was added as well, see above for details),
10 MM DFO was added to the saline and mixed fomBO prior to experimentation. This
condition ensured all of the iron were bound to D@Edry et al, 2001). The gut sacs were
incubated with radiolabeled saline containing eitleeric or ferrous iron (M) in the presence

or absence of DFO and incubated and sampled atedethove.

2.2.7. Calculations and statistical analysis
The rate of fluid transport (FTR, imlcm™ tissue hY) from mucosal to serosal

compartments was determined as follows:

FTR = (IW = TW) / (ISA xt) 2.1)

where IW and TW are the initial and final weighttbé gut sac preparations in mg, respectively,

ISA is the intestinal surface area incrandt is time in hour.

For each gut sac preparation, three intestinal eotmgnts were analyzed for the
measurement of iron absorption. The washing solatjglus the blotting paper represented the
mucus-bound iron, the epithelial scrapings repreeskeabsorption into the epithelial cells (e.qg.,

enterocytes), while the tissue layer plus the sdrsaline represented iron transported into the
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blood compartment (Nadelkt al, 2006). The iron uptake ratedi{ as nmol crif h™) into each

compartment were calculated using the followingeeigun:

Jin = Compartment cpm / (SA x ISAtX (2.2)

where compartment cpm represents the tOfa activity in each compartment as previously
described. SA is the initial measured specificvitgtiof *Fe in the mucosal saliné’fe counts

in cpm divided by total ironumol)], ISA is the intestinal surface area in“cmandt is the time in
hour. In the experiment examining the time courfsieam absorption, data are presented as total
iron accumulation and normalized by the intestiaface area (nmol Fe ¢ Hereafter, ferric
and ferrous iron transported into the blood commpartt (tissue layer plus serosal saline) will
represent the true iron uptake unless mentioneehotse.Q1o analysis was performed using the

following equation:

Q0= (R/R)T, T (2.3)

whereR; andR; are the iron uptake rates at temperatlipesandT,, respectively.

Regression analyses were performed using SigméaRigtion 10; Point Richmond, CA,
USA) to examine any possible relationships amomrgrétes of fluid transport, iron binding to
the mucus, iron absorption into mucosal epitheliamd iron transport into the blood
compartment. Either studentidest or one-way analysis of variance (ANOVA) folied by a

least significant difference (LSD) tests was usedléentify the differences between groups. All
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statistical tests were performed using SPSS forddis (Ver 15; Chicago, IL, USA). Data are

reported as mean + SEM and differences were comsldggnificant ap < 0.05.

2.3. Results

2.3.1. Spatial pattern of ferric and ferrous iron ptake

The anterior intestine showed significantly highates of iron uptake per unit surface
area than the mid and posterior intestine (Figufe)? while no differences were observed
between mid and posterior intestine. The ratesofd iron uptake were comparable to that of

ferrous with no statistical differences within antestinal segments.

The rates of fluid transport in different intestisagments exhibited similar patterns as of
the iron uptake rates. The anterior intestine waaracterized by significantly higher fluid
transport rates (Figure 2.1b), while the fluid sport rates between mid and posterior intestine
were comparable. The fluid transport rates assegtiatith either ferric or ferrous iron had no

statistical differences in any intestinal segments.

An analysis of the relative distribution of iron idifferent compartments (mucus,
epithelial cells, and tissue plus serosal salisggaled that the partitioning of ferric and ferrous
iron was similar among different intestinal compaghts. Typically 55-70% was in the mucus
bound fraction, 5-15% was in the mucosal epithelamd 20-40% was in the tissue layer plus

serosal saline (Appendix Figure Al).
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Figure 2.1:(a) The iron uptake rates anl) (fluid transport rates in the isolated anteriord mnd
posterior intestine of rainbow trout, exposed thei 2uM of ferric (F€") or ferrous (F&) iron
for 2 h at 15°C. Bars labeled with differdatters are significantly different (One-way ANOVA
followed by a post-hoc LSD tegi;< 0.05). Values are mean + SEN< 5).
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2.3.2. Effects of temperature on ferric and ferrousron uptake

The increase in temperature from 15 to 25°C in@@dise rates of ferric and ferrous iron
uptake in both mid and posterior intestine, althoatatistical significance was recorded only for
ferric iron in the mid intestine (Figure. 2.2a dr)d However, the increase in temperature did not
affect the uptake rates of either ferric or ferroos in the anterior intestine (Figure 2.2a and b)
The calculated) 1, values for ferric iron uptake in the anterior, naid posterior intestine were
1.00, 1.53 and 1.52, respectively (Figure 2.2ae ©@hyo values for ferrous iron uptake in the
anterior, mid and posterior intestine were 0.8531and 2.20, respectively (Figure 2.2b). No
significant change in fluid transport rates wasrded between 15 and 25°C in the anterior, mid

and posterior intestine (data not shown).
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Figure 2.2: Influence of temperature on the rafe@pferric (F€") and(b) ferrous (F&" iron
uptake in the isolated anterior, mid and postaritastine of rainbow trout, exposed tod iron
for 2 h. Bars labeled with different letters argnsicantly different within the same intestinal
segment (Studentstest; p < 0.05). The temperature coefficier@,() are reported. Values are
mean + SEM1{ = 5).
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2.3.3. Time course of ferric and ferrous iron accumlation

Figure 2.3 shows the time course of ferric andolesriron accumulations over the range
of 1-4 h. The accumulation of ferric iron in middamosterior intestine did not change
significantly over the range of 1-4 h (Figure 2.3B)e accumulation of ferrous iron became
steady at 2 h (Figure 2.3b), although there wasarmrease at 4 h in the posterior intestine. No
statistical differences were observed among théd flwansport rates over the range of
experimental period tested in the mid and postentastine exposed to either ferric or ferrous
iron (data not shown).

An analysis of partitioning of iron over time reV@d that the accumulation of ferric iron
was constant in the mucosal epithelium and inigsué layer in both mid and posterior intestine,
whereas increasing in the serosal saline over t(figure 2.4a and b). Similarly, the
accumulation of ferrous iron was steady in the rsatepithelium and in the tissue layer except
an increase at 4 h (Figure 2.4c and d). The acationol of ferrous iron in the serosal saline

increased with increasing incubation time.
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Figure 2.3: The time course of iron accumulatiortha isolated mid and posterior intestine of
rainbow trout exposed toM of either @) ferric (F€*) or (b) ferrous (F&" iron for 1, 2, 3 and
4 h at 15°C. Bars labeled with different letterg aignificantly different within the same
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2.3.4. Concentration dependent ferric and ferrousron uptake

The uptake of ferric and ferrous iron in both miadgposterior intestine appeared to
increase in a linear fashion with respect to tmeithal iron concentrations tested (Figure 2.5a and
b). It is important to note here that although bfetric and ferrous uptake seemed to have a
saturable profile at low luminal iron concentrati@ange (0-%uM), the high variability of data
precluded the characterization of uptake kinetiise mid and posterior intestine exhibited
similar iron uptake rate (both ferric and ferroat)each luminal iron concentration with no
statistical difference. In both mid and posterigestine, no statistical differences were recorded
between the uptake rates of ferric and ferrous absl5pM of luminal iron concentrations.
However, the uptake rate of ferrous iron was sigaiftly greater than that of the ferric iron at

20 uM.

2.3.5. Effects of solvent drag on ferric and ferros iron uptake

The addition of 350 mM mannitol in the mucosalsalieversed the direction of net fluid
transport (i.e., from serosal to mucosal compartmasn opposed to mucosal to serosal
compartment) in both mid and posterior intestin@osed to either ferric or ferrous iron
(Appendix Figure A2). However, mannitol treatmehtsd no significant effect on ferric and

ferrous iron uptake rates in these intestinal segsnp > 0.05) (Appendix Figure A2).
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Figure 2.5: The concentration-dependent ferric>jFand ferrous (F€) iron uptake in the
isolated(a) mid and(b) posterior intestine of rainbow trout. An asteris#ticates the uptake rate
of FE* in either the mid or posterior intestine was digantly greater than that of Feat 20uM
(Student’'st-test;p < 0.05) Values are mean = SEWM<% 5).
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2.3.6. Effects of mucosal pH and iron-chelators oinon uptake

The mucosal saline adjusted to pH 8.2 significarejuced the rates of ferric and ferrous
iron uptake in both mid and posterior intestingg(ifeé 2.6a and b). About 65% reduction of the
ferric and ferrous iron uptake rates was obserwetdoth segments. In contrast, a decrease in
mucosal pH from 7.4 to 6.6 had no influence onfémgc and ferrous iron uptake rates in either
intestinal segment.

The uptake rates of ferrous iron in the presencabeence of NTA were not statistically
different in either mid or posterior intestine (&ig 2.7a). Similarly, the addition of DFO had no

effect on the rates of ferric and ferrous iron kptan any intestinal segment (Figure 2.7b).
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Figure 2.6: Influence of mucosal pH on the rate@pferric (FE") and(b) ferrous (F&" iron
uptake in the isolated mid and posterior intestihiminbow trout exposed toM iron for 2 h at
15°C. Values are mean + SEM £ 5). Bars labeled with different letters are #igantly
different within the same intestinal segment (OraarWNOVA followed by a post-hoc LSD test;
p <0.05)
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Values are mean + SEM € 5). No statistical difference was recorded amibregtreatments
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2.3.7. Relationships among the rates of fluid traqort, iron binding to mucus, mucosal

epithelium iron absorption and iron transport into the blood compartment

Regression analyses were employed in order to exawinether or not the iron transport
(both ferric and ferrous) into the blood compartinéiissue layer plus serosal saline) of the
anterior, mid and posterior intestine is depenaentluid transport. In the anterior intestine, no
significant relationship was observed {0.30). For the regression analysis in the mid an
posterior intestine, the data were pooled becawssetintestinal segments exhibited similar iron
uptake rates (see Figure 5a and b). Similarlyrétes of fluid transport and iron transport into
the blood compartment had no significant relatigmsh these segmentp € 0.88-0.94). In
addition, the relationships between either thesrafeiron binding to mucus or the rates of iron
absorption into the mucosal epithelium and the o&tieon transport into the blood compartment
have also been examined. In the anterior intestinesignificant relationships were observed
(p = 0.40-0.49). However, significant positive redaships with either the rates of iron binding
to the mucus (Figure 8a and b) or the rates ofafsorption into the mucosal epithelium (Figure

8c and d) to the rates of iron transport into tle@th compartment were observeu0.001).
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2.4. Discussion

To the best of our knowledge, this is the firstdgtuo examine the physiological
characteristics of intestinal iron absorption ifteshwater teleost fish. Our results suggested that
the rate of iron absorption (both ferric and fegpin the anterior intestine is significantly highe
than that in the mid and posterior intestine. Hosvewron uptake in the anterior intestine occurs
probablyvia a simple diffusive pathway, whereas a carrier-iaiedi process is likely involved in
the mid and posterior intestine. In addition, tleewamulation of iron in the mucosal epithelium
and the tissue layer was fairly constant in botkl smd posterior intestine over the range of
exposure time, further suggesting the presencepifyaiologically regulated process. We also
found that ferrous iron is more bioavailable thamit iron in piscine intestine, but only at higher
luminal iron level. In addition, we revealed thditetdecrease in luminal proton gradient
significantly reduced the absorption of both feaitd ferrous iron, and the chelation of iron did

not influence the intestinal iron absorption.

Several studies in freshwater fish have demonstriitat the anterior intestine plays an
important role in metal absorption due to its geeatze and surface area (Clearwateal, 2000;
Nadellaet al, 2006; Ojo and Wood, 2007). Ojo and Wood (200ppreed that the absorption of
essential metals such as copper and zinc is highés¢ anterior intestine, and about equal in the
mid and posterior intestine. Interestingly, we otsed similar spatial distribution of iron
absorption in rainbow trout, with higher iron uptalk the anterior intestine compared to that in
the mid and posterior intestine. This scenarionslar to the mammals where iron uptake occurs
primarily in the anterior region (Trindeat al, 1999). In contrast, Burgt al. (2001) observed

that the intestinal iron absorption in a mariné fiuropean flounder occurs predominantly in the
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posterior intestine unden vivo conditions. Their finding is somewhat surprisingcause high
pH and high bicarbonate/carbonate content in th&tepior intestine of the marine fish are
expected to hinder iron bioavailability and absmpt(Bury et al, 2001). Apart from the
difference in species, the discrepancy betweemnetdts of Buryet al. (2001) and our study can
be attributed to the difference in the experimeafgroaches. It is worth noting that Buatyal.
(2001) did not observe any regional differencemieastinal iron absorption using vitro gut sac
technique. It is possible that th@irvivo iron uptake study may have been influenced by mhami
content and gut chemistry. Although the anteritestine appears to have the highest rate of iron
uptake in our study, the situation may differ unishevivo condition. For example, iron may be
more bioavailable at the acidic environment of stolp and the iron concentrations in the
chyme may vary in different parts of the gutvivo. The spatial distribution for iron absorption

in freshwater fish unden vivo conditions awaits further investigations.

The precise mechanism of fluid absorption in theeipie gut is not very well understood.
It has been proposed that fluid absorption in pis@astrointestinal tract is driven by the active
transport of ions which creates high local osmblaéind draws water from the lumeria
transcellular and/or paracellular pathway (Lorei®95). Our results suggested that fluid
transport rate in the anterior intestine was sigaiftly higher than that in the mid and posterior
intestine. Previous studies have also shown thtrian intestine is the primary site for fluid
absorption in fish (Bergmaet al, 2003; Ojo and Wood, 2007). Ojo and Wood (200ppresd
that the fluid transport rate in the anterior itites of rainbow trout is approximately
9.9ul cm™h™, while that in the mid and posterior varies betw@e-3ul cm?h™. The fluid
transport rates associated with either ferric orofes iron in the anterior, mid and posterior

intestine in our study are also consistent withrthiedings.
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In the present study, we observed that the ratésidftransport in the anterior, mid and
posterior intestine exhibited somewhat similar gratto that of the iron uptake (see Figure 2.1),
raising the possibility that iron uptake in thesgraents may be positively influenced by fluid
transport (e.g., solvent drag). However, our regjogsanalyses suggested that the fluid transport
and iron transport (both ferric and ferrous) had significant relationship in any intestinal
segments, indicating that iron uptake was indepetofefluid transport. The influence of solvent
drag was further examined in the mid and postantastine by reversing the direction of net
fluid transport. Similarly, no significant effect eeversed fluid transport on either ferric or
ferrous iron uptake was recorded. These obsenstiorroborated the notion that iron uptake in
the isolated intestine was not likely linked to timestinal fluid transport. Our results are
consistent with the findings of Ojo and Wood (20Q@fat the fluid transport rates are not

influenced by the presence of different metaldintestinal fluid in trout.

In order to characterize the iron absorption predesthe anterior, mid and posterior
intestine of the trout, the influence of increasehperature upon the intestinal iron absorption
was examined, an@o values were derived;o values greater than 1.5 are generally considered
to represent a biologically mediated process, wai@, below 1.5 usually indicates a process
dependent on the physicochemical properties ofréfaetion constituents (Hoar, 1983). Our
results suggest that iron absorption in the antaéni@stine occurs likely through a non-specific
pathway, such as simple diffusio®;6~ 1), whereas a carrier-mediated pathway is probably
involved in the mid and posterior intestin@;{> 1.5). Our observations were quite similar to
marine fish where a carrier-mediated uptake of irothe posterior intestine was demonstrated
(Bury et al, 2001). It is to be noted that tii@ values derived in our study might have been

somewhat underestimated because of possible tistagoration at the upper temperature.
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Partitioning of iron accumulation among differemtngpartments (mucosal epithelium,
tissue layer and serosal saline) in both mid arsdgpmr intestine provided further evidence that
iron absorption is physiologically regulated. Acadation of ferric and ferrous iron in the
mucosal epithelium and in the tissue layer was iste® over the range of experimental period
tested except an increase with ferrous iron at®hie. consistency of iron accumulation in these
intestinal compartments suggests that entry of imbm the mucosal epithelium and extrusion of
iron into the tissue layer were a physiologicakgulated process. The apical and basolateral
iron transporters in the enterocyte, DMT1 and IRE&® possible candidates responsible for
these processes (Donovanal, 2000; Coopeet al, 2007). Since the tissue layer apparently has
no ability to regulate iron movement into the safasaline, it is not surprising to see that
accumulation of both ferric and ferrous iron in tberosal saline increased with increasing
incubation time. Taken together, these observatiomsied that mucosal epithelium (e.g.,
enterocytes) probably plays an important role gulating dietary iron absorption in freshwater

fish.

The uptake of ferric and ferrous iron in the midl gosterior intestine appeared to be
linear over the entire range of iron concentratiested (0-2@M), while the uptake rate of
ferrous iron was significantly greater than thatfetic iron at high luminal iron concentration
(20uM). A previous study on intestinal iron absorptiona marine fish also demonstrated that
ferrous iron is more bioavailable than ferric if@ury et al, 2001). The linear uptake of iron in
trout intestine also conformed to the findingshe marine fish (Buret al, 2001). In mammals,
the non-saturable ferrous iron uptake has also bemorted (Worthingtoret al, 2000). It has
been suggested that the iron transporter has amiednt facilitated diffusional component

which is similar to other transporters for riboflavand biotin uptake (Said and Ma, 1994;
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Worthington et al, 2000). This physiological property may allow fish respond to great
increases in luminal iron concentrations, incregghre effective concentration range of uptake,

and thereby the dynamic range of transport.

In mammals, the apical absorption of ferrous irsrmiediated by a E&H* symporter
called DMT1 (Gunshinet al, 1997). A few recent molecular studies have comddl the
presence of a mammalian DMT1 homolog in fish amdfiinctional role in iron absorption
(Dorschner and Phillips, 1999; Donovanal, 2002; Coopeet al, 2007). Gunshirt al. (1997)
suggested that pH 5.5 is the most favorable camdfor DMT1 function, while a suboptimal pH
of 7.4-7.5 has also been recently reported (Pieaal, 2000; Thomas and Oates, 2004). In the
present study, when luminal pH was increased fromt@ 8.2, both ferric and ferrous iron
uptake rates reduced significantly. This indicdtes the iron uptake was coupled with a proton
gradient which resembles the characteristics of MMSince an increase in pH inhibited both
ferric and ferrous absorption, the absorption afideiron likely occurred through the same
pathway as ferrous iron after apical reductiondaésed below). On the other hand, the iron
uptake rates were similar when pH was decreased Trd to 6.6. Our results corroborated the
findings of Coopeet al. (2007) that DMT1 in freshwater fish can operafeetly with a mild
proton gradient. It is important to note here tthe pH of the intestinal lumen in freshwater
rainbow trout is about 7.3 (Vielma and Lall, 1997herefore, the maintenance of iron

transporting efficiency at circumneutral pH is ployegically beneficial to fish.

In mammals, the apical ferric chelate reductasgspdean important role in iron absorption
because the majority of dietary iron exists in fitven of ferric iron complexes, which must be

reduced to yield ferrous iron before iron can becsasfully transported by DMT1 (McKet al,
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2001). The activity of ferric chelate reductase besn recorded in the intestine of rainbow trout
(Carriquiribordeet al, 2004), while the role of this reductase in faating branchial ferric iron
uptake in zebrafish has also been implied (Bury@rakell, 2003b). However, Cooper and Bury
(2007) demonstrated that the branchial ferric iugtake in rainbow trout was significantly
inhibited by complexing waterborne iron with fairhygh affinity iron-chelators such as NTA
and DFO [the affinity constants (log K) of DFO oifN to ferric iron are 32.5 and 15.87,
respectively (Martell and Motekaitis, 1992)]. Thaygued that trout gill may not possess the
ferric chelate reductase in aiding branchial irbeaption, or its functional capacity may be low.
In the present study, we examined whether rainlvout is able to acquire iron complexed with
either NTA or DFOvia intestine. Interestingly, our results showed tihat uptake rate of iron
was not affected by iron either complexed with NGr*DFO. These findings suggest that trout is
able to acquire chelated irona intestine, which further support the presence fmttional
capacity of an apical ferric chelate reductaseiscipe intestine similar to the mammal systems
(McKie et al, 2001). It is worth noting here that Cooper anayB2007) used an exceptionally
high molar ratio of ferric:NTA (i.e., 1:6250) whiamight have contributed to the decrease of
branchial iron bioavailability. In contrast, a molatio of 1:4 (ferric:NTA) was used in the
present study which has been shown to be the optimatio for examining ferric iron uptake in
mammals (Teichmann and Stremmel, 1990). Since irmorporated in the feed exists
predominantly in a chelated form, the ability tayaice chelated iron is apparently essential to
fish. Nevertheless, the effect of natural ligandsspnt in the piscine lumen (e.g., amino acids)

upon iron bioavailability remains to be explored.

Relationships between the relative distributiom ohetal in the luminal environment (e.g.,

binding to the mucus) and its rate of transpoud the blood may have important implications for
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gastrointestinal metal uptake and toxicity (Ojo &ddod, 2007). Ojo and Wood (2007) observed
that many essential metals such as copper, zinoiakdl as well as the non-essential metal lead
exhibited a positive relationship between theirding to the mucus and the transport into the
blood compartment. They also found a significargifpee relationship between the absorption
rate into the mucosal epithelium and the transpatg into the blood compartment for nickel,
silver and lead. In the present study, we obsetliatiboth the rates of iron (ferric and ferrous)
binding to the mucus and absorption into the mucegdithelium had significant positive
relationships with the rate of iron transport itite blood compartment in the mid and posterior
intestine. These results suggest that binding t@usmuand/or absorption into the mucosal
epithelium may serve as a predictor for dietary im@nsport in fish. In the mammalian systems,
it is generally believed that the affinity of metspecies to mucus follows the pattern of
M3* > M** > M™. This strategy is beneficial to mammals becaugetiirds the absorption of
highly toxic trivalent metal such as aluminum {Aland other trivalent metal ions that do not
have redox potential, thereby protecting agaisstitake and toxicity (see review by Powel|
al., 1999). However, Coopet al. (2006a) have recently reported that the mucusrouye¢he
intestinal epithelia of gulf toadfish bind bothderand ferrous iron in equal proportion, and the
binding is not influenced by pH or anoxic enviromtge Similarly, we observed that the binding
of ferric and ferrous iron to the mucus was comiplaracross the entire range of luminal iron
concentrations tested (e.g., amount of iron bindonthe mucus in posterior intestine at 0
iron; ferric: 0.48 + 0.02 nmol crfi ferrous: 0.52 + 0.06 nmol ¢ P > 0.5), suggesting that the
valency of iron (F& or F€") does not influence its binding to the mucus. Thhe lower

bioavailability of ferric iron at high concentrati® observed in our study could not be attributed
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to the immobilization by the mucus, but possiblyedo the rate limiting step in absorption

and/or in apical reduction.

2.5. Conclusions

In conclusion, the iron uptake rate in the anteintestine is significantly higher than that
in the mid and posterior intestine of rainbow trolihe uptake of iron in the anterior intestine
occurs likelyvia a non-specific diffusive pathway whereas the uptekthe mid and posterior
intestine occurs probablyia a carrier-mediated pathway, particularly at lowniomal iron
concentration range. The similarity in the pattefntime-dependent ferric and ferrous iron
accumulation in the mucosal epithelium and tisayed of mid and posterior intestine further
suggests that iron absorption is a physiologicedlgulated process. The uptake of ferric and
ferrous iron appeared to be linear over the eméinge of iron concentration tested (0-+20).
The rates of ferric and ferrous iron uptake are ganmable at low luminal iron concentrations but
ferrous iron is more bioavailable at high concerdra Both ferric and ferrous iron uptake rates
were significantly inhibited when luminal pH wasieased to >8, suggesting a proton gradient
is essential for the absorption of iron which reBkl® the characteristics of a mammalian
Fe*/H" symporter (DMT1). Complexation of iron with a gealg(NTA) or a specific ferric iron
chelator (DFO) did not affect the intestinal irdmsarption, suggesting that chelation of iron may
not influence the intestinal bioavailability of mo Mucus binding and mucosal epithelial

absorption of iron are reliable indicators of digtaion transport in fish.
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CHAPTER 3: The interactions of iron with other divalent metals in the

intestinal tract of a freshwater teleost, rainbow tout (Oncorhynchus mykiss)?

3.1. Introduction

Iron is an essential micronutrient for vertebratetuding fish, but can be toxic above the
threshold concentration in the body. That is whynirhomeostasis needs to be efficiently
regulated to prevent deficiency or oversupply. Batonsidered to be the primary source of iron
in fish (Carriquiribordeet al, 2004), however the mechanisms of intestinal absorption and
its homeostatic regulation are not well understobtich of the information about iron

absorption and homeostasis in vertebrates is géinedthe mammalian systems.

The pathway of dietary non-heme iron absorptioguige well characterized in mammals.
Ferric iron (F&" is first reduced to the ferrous @eform by the apical ferric reductase (McKie
et al, 2001), and the absorption of #dnto the enterocytes occuksa the divalent metal
transporter-1 (DMT1,; also known as DCT1, Nramp2 8 1a2) (Gunshiet al, 1997). DMT1
is a proton-coupled (HFe€** symporter) apical membrane transporter. Interghtinrecent
molecular evidence suggests that the mammalian D Thpable of transporting several other
divalent metals, both essential [copper {Quzinc (Zrf"), cobalt (C8"), nickel (N and
manganese (Mfi)] and non-essential [cadmium (€}l and lead (PB)], in addition to F&"

(Gunshinet al, 1997; Sachert al, 2001; Arredondoet al, 2003; Bannonet al, 2003;

2 This chapter has been published in Comparativect®imistry and Physiology Part C-
Toxicology & Pharmacology 150:442-449 (2009) ung@int authorship with Som Niyogi
(University of Saskatchewan)
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Mackenzie and Hediger, 2004). Moreover, it has lsmonstrated that iron-deficient diet can
increase intestinal DMT1 expression as well as ¢annbody burden in rats, thereby implying
that the intestinal cadmium uptake may be linketheouptake of iron (Parét al, 2002; Ryuet

al., 2004). It is also important to note that DMT1 magt be the sole transporter for the
absorption of dietary divalent metals. There is moalecular evidence suggesting the existence
of specific transporters for Zh [Zrt/IRT-like protein (ZIP)] and Ctf [copper transporter-1
(Ctrl)] in mammals (reviewed by Rolfs and Hedide&99). Similarly, it has been suggested that
Ccd®* and PB* may enter mammalian celisa C&* channels (Hinkleet al, 1987; Simons and
Pocock, 1987). Cd and PB* are also known to enter fish gilia epithelial C&" channels
(Verbost et al, 1987; Niyogi and Wood, 2004; Rogers and Wood, 420@and similar
mechanisms may exist in the fish intestine. Howetee relative significance of different
transporters/channels in the intestinal absorptibrarious divalent metals is yet to be fully

characterized.

Recent physiological and molecular studies have algggested that DMTL1 is likely
involved in waterborne and dietary iron absorptiorfish. It has been demonstrated that the
absorption of iron both by the gills and the intestis dependent on the proton gradient, and the
Fe?* is more bioavailable than Fe(Bury and Grosell, 2003b; Kwong and Niyogi, 200B)ese
properties resemble the functional characterisifceaammalian DMT1. Furthermore, a DMT1
homolog has been identified and cloned in teleosthich exhibited a high sequence
conservation to its mammalian form (Dorschner ahdlips, 1999). In fact, two isoforms of
DMT1 (slc11Randslclly) have been found in the gills of rainbow trolnEorhynchus mykigs
and it has been demonstrated that both isoforme hiae capacity to transport #ewhen

expressed ixXenopusoocytes (Coopeet al, 2007). Coopeet al. (2007) also revealed that¥e
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uptake by both DMTL1 isoforms can be significantifibited by other divalent cations such as
cd?*, Mn?*, zr?*, PF* and C8'. However, when examined vivo in zebrafish Danio rerio),
waterborne iron absorption has been found to béibeld by cadmium (at a ten-fold higher
concentration relative to iron) and not by any ottigalent metals (cobalt, nickel, lead, copper,
manganese and zinc) (Bury and Grosell, 2003b). Tinding suggests that the branchial
interactions of divalent metals may be modulated dblyer physiological processes (e.qg.,
alternative uptake pathways, mucus binding of megtalo the best of our knowledge, the
interactions of iron with other divalent metalspilscine intestine have not been investigated. The
potential occurrence of a common absorptive mesharior a range of divalent metals (both

essential and non-essential) can have importantiooal and toxicological implications for fish.

In the present study, am vitro gastrointestinal sac (gut sac) preparation wadaag to
characterize the intestinal interactions of irottvather divalent metals, both essential and non-
essential, in rainbow trout. We have previouslydues approach to characterize short-term (2—
4 h) iron uptake in trout intestine (Kwong and Njyd2008). This approach allows metal uptake
to be measured when transport rates remain stafteto be partitioned into different intestinal
compartments (mucus, mucosal epithelium, and b$pade) (Ojo and Wood, 2007; Kwong and
Niyogi, 2008). Recently, this approach has beend ts@xamine the interactive effects of copper
and zinc uptake as well as cadmium and zinc uptak®ut intestine (Ojo and Wood, 2008; Ojo
et al, 2009). The primary objectives of this study wef:to examine the concentration-
dependent inhibitory effect of various divalent atget(copper, zinc, nickel, cobalt, lead and
cadmium) on short-term (2 h) iron absorption (b6#* and F&") in the anterior, mid and
posterior intestines, and (ii) to evaluate thepemsal effects of elevated iron on the short-te2m (

h) accumulation of non-essential divalent metalsdgeium and lead) in different intestinal
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segments. Our overall goal was to enhance the stageling of the mechanisms of dietary

absorption of various divalent metals in freshwéisr.

3.2. Material and methods

3.2.1. Fish

Rainbow trout ©. mykiss Salmonidae; approximately 300 g wet wt; N = 18@re
obtained from Lucky Lake fish farm, SK, Canada.hFigere acclimated for 4 weeks in the
laboratory condition at 15°C, and supplied withad&ed, dechlorinated water [hardness 157 mg/L,
alkalinity 109 mg/L (both as CaCO3), pH 8.1-8.2d atissolved organic carbon (DOC) 2.2
mg/L] in a flow-through system. Photoperiod mimidkeatural conditions. Fish were fed
Martin's commercial dried pellet feed (5-pt.; MarMills Inc., Elmira, ON, Canada) at a ration
of 2% wet body mass daily. The measured metal ¢cdrateons in the feed were: Fe 220, Zn 167,

Cu 32, Ni 4, Pb 0.1 and Cd 0.07 (all in mg/kg).

3.2.2. Intestinal sac preparations

The intestinal sac preparations and the samplingads were identical to that described
by Kwong and Niyogi (2008). Briefly, fish were eathized with an over dose of MS-222, and
the entire gastrointestinal tract was dissected immediately. The intestinal tract was then
cleaned and sectioned into anterior, mid and piostértestines based on the morphological
differences. One end of each segment was sealacavsitirgical thread, and a 5-cm piece of PE-

50 polyethylene tubing was inserted into the o#reat and secured with a surgical thread. The
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entire surgical procedure was carried out whilepkag the intestine in ice-cold modified
Cortland saline [NaCl 133, KCI 5, CaCl2 1, MgS0O4,1NaHCO3 1.9, Nal{PO, 2.9 and
glucose 5.5 (all in mM); pH 7.4 (Wolf, 1963)]. Tlsame saline was also used as the luminal
(spiked with metals of interest) and serosal salidaring gut sac exposures (see below for
details). The luminal saline was injected into ¢joé sacs by a syringga the PE-50 tubing, then
flared sealed. The gut sacs were blotted dry, veslgind then bathed into either 12 ml (for mid
and posterior intestines) or 30 ml (for anteridestine) of the serosal saline. Temperature was
maintained at 15°C in a water bath, and the sesadale was constantly aerated with 99.5% O2
and 0.5% CO2 during the exposure period. The gug seere incubated for 2 h, and following
the incubation they were blotted dry and reweigloedhe determination of fluid transport rates.
The fluid transport rates allowed the examinatibtissue integrity over the exposure period. An
aliquot of the luminal and serosal salines wasect#ld for the measurements°tfe activity or
total metal concentration. The sacs were cut oped, washed in either 5 ml (for mid and
posterior intestines) or 10 ml (for anterior intes} of modified Cortland saline, followed by a
rinse in 1 mM EDTA. The tissues were blotted dringsa small piece of blotting paper, and the
mucosal epithelium was gently scrapped off from thescle layer using a glass slide, and
collected separately. Subsequently, the surface @reach intestinal segment was measured by
stretching it out on a graph paper. For the antenigstine, the surface area of the cecae could
not be measured, and only the exposed luminal ®idiaea was measured. Therefore, the total
surface area of the anterior intestine was somewmdg¢restimated in our experimental method.
The radioactivity or the total metal concentrat{for “cold” experiments, see below for details)
in each sample was measured separately. The metalpgion in three different intestinal

compartments was examined as follows: (i) the waslutions plus the blotting paper
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represented metal binding to mucus, (ii) the mulcesi@pings represented metal absorption into
the mucosal epithelium (i.e., enterocytes), ang {iie muscle layer plus the serosal saline
represented metal absorption into the blood compnt. A sample size of five fish per

individual treatment was used for all the experitadm= 5 per treatment).

3.2.3. Experimental treatments
3.2.3.1. The influence of various divalent metalshantestinal iron absorption

The effects of various divalent metals on intedtirem absorption were evaluated using a
radiotracer method. Preparation of the experimesdaitions was similar to that described by
Kwong and Niyogi (2008). Briefly, a stock solutiari FeCk was radiolabeled witi°Fe (as
FeCk, specific activity = 56.92 mCi/mg; PerkinElmer, AfSand complexed with nitrilotriacetic
acid (Fe:NTA = 1:4) to optimize iron solubility. Tarepare F& solution, an aliquot of the Fe
NTA stock solution was mixed with sodium ascorbatea molar ratio of 1:20 for 30 min
(prepared freshly on the day of experiment). Subsetly, an appropriate amount of the
radioactive®Fe solution (either Eé& or Fé") was added to the luminal saline (modified Codlan
saline, see above for composition), and buffereith @ mM HEPES at pH 7.4. The specific
activity of the luminal saline was maintained apmapximately 3.2 x 19 cpm/umol iron. The
potential inhibitory effect of various divalent rakt on the absorption of Fewas assessed by
the addition of each metal separately in the luimsaine (copper, nickel, cobalt, lead and
cadmium as nitrate salts, and zinc as a chloriteata2 uM and 20 uM), and compared to the
control (Fé" alone; at 2 uM). The concentration of’Fén the luminal saline (2iM) was

selected on the basis of our previous observatian the intestinal F& absorption at this
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luminal concentration is predominantly transportexdiated (DMT-1 -sensitive to proton
gradient) (Kwong and Niyogi, 2008). Since there wasapparent effect of cobalt on intestinal
Fef* absorption, it was not included in the subsequperiments. To evaluate whether the
absorption of F& is similarly affected by different divalent metalke absorption of 2 pM Ee
was assessed in the absence (control) or the peesé20 UM nickel, lead and cadmium, using
the same radiotracer approach employed for th& BEbsorption experiment as described
previously. Nickel, lead and cadmium were choserttis experiment because they were most

effective in inhibiting intestinal & absorption.

3.2.3.2. The influence of excess iron (F& on the intestinal accumulation of cadmium and

lead

A “cold” method was employed to evaluate the infloe of elevated iron on the
intestinal accumulation of lead and cadmium. Thé gacs were exposed to 2 uM lead or
cadmium in the absence or the presence of 20 pu# Fee preparation of the experimental
solutions was similar as described previously, pkteat radiolabeled’FeCk was replaced with
“cold” FeCk. In addition, five fish were sacrificed prior tdet exposure, and processed
identically to quantify the background concentrnasi@f lead and cadmium in different intestinal
compartments. It is important to note that we did evaluate the effect of excess iron on the
intestinal absorption of copper, zinc and nickehisTwas based on our assumption that the
background concentrations of these essential metdlge gut tissue are considerably high, and
therefore the “cold” method does not provide thesgesity required to detect new metal

accumulation under the current experimental cookti
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3.2.4. Measurement of radioactivity and cold metatoncentrations

For the radioactive experiments, the radioactivity’Fe in the sample was counted on a
Wallac 1480 Wizard 3" gamma counter (PerkinElmerSA). The actual exposure
concentrations of each metal in the luminal salireee verified using a graphic furnace atomic
absorption spectrometer (GFAAS; Analyst 800, Pdtkirer), and the difference between the
measured and the nominal concentrations of anylsnetver exceeded = 5%. For the “cold”
experiments, the epithelial scrapings, the tisayerland the blotting paper were first digested in
5 volume of 1 N HN@ at 60 °C for 48 h, and then centrifuged at 15,80 for 4 min. The
supernatant was collected and diluted appropriatgtly 0.2% HNQ. The luminal and serosal
saline samples were also acidified with 1 N HNBubsequently, the concentrations of lead and
cadmium in the samples were measured by a grapmeade atomic absorption spectrometer as
described above. The detection limits for lead eadimium analysis were 0.06 and 0.07 pg/L,
respectively. The quality control and assurancealinthe analysis were maintained using
appropriate method blanks and certified standaodsréspective metals (Fisher Scientific,
Canada). In addition, the efficiency of lead andincaum analysis in tissue samples was
evaluated by analyzing a certified reference matgDOLT-3; National Research Council,
Canada). The recovery of lead and cadmium in tfereece material was 94% and 103%,

respectively.
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3.2.5. Calculations and statistics

The rate of iron (P& or F€") binding to mucus, and the rates of iron uptakehie

mucosal epithelium and the blood compartment, wézutated as:

Iron binding or uptake rate (nmol &h™) = compartment cpm / (SA x ISAtx  (3.1)

where compartment cpm represents t3tBé activity in each compartment, SA is the specific
activity of °°Fe in the luminal saline, ISA is the intestinalfage area in cfpandt is the time of
incubation (2 h). The fluid transport rate was akdted by dividing the net difference in gut sac

weight (pre and post incubation) with ISA andefined as above.

Similarly, the lead and cadmium accumulations ircheaf the three intestinal

compartments for the “cold” experiments were caltad as:
Lead or cadmium accumulation (nmol &= compartment metal concentration / ISA (3.2)

All of the statistical analyses were performed gstBigmaStat (version 3.1; Systat
Software, Inc., Point Richmond, CA, USA). One-wanalgsis of variance (ANOVA) followed
by a post-hoc least significance difference (LSEt twvas used to evaluate the significant effect
of various competitive metals on either’Fer F€* binding/uptake rates within the same
compartment of each intestinal segment. Similaslye-way ANOVA followed by a post-hoc
LSD test was used to compare among the backgroomcentrations of lead or cadmium, and
the accumulation of lead or cadmium following tix@@sure to luminal lead or cadmium with or
without excess iron. Data are reported as meangEM, 8 = 5 for each treatment. Differences

were considered significant at< 0.05.
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3.3. Results

3.3.1. Fluid transport rates in different intestind segments

The fluid transport rates in all of the treatmewere very similar to the rates reported
previously in rainbow trout (Ojo and Wood, 2007; éwvg and Niyogi, 2008), and none of the
experimental treatments in our study significardai§ected the fluid transport rate (data not
shown). Typically, the fluid transport rate in theterior intestine was approximately 10 pLTm

h?, while that in the mid and posterior intestines\watween 2—3 pL cih™,

3.3.2. The influence of luminal zinc, copper, nickeand cobalt on intestinal ferrous iron

absorption

The presence of zinc, copper, nickel and cobalndicsignificantly affect F& binding to
mucus in any intestinal segments (Figure 3.1a}héhmucosal epithelium of anterior and mid
intestines, the inhibition of E&absorption by zinc and copper was statisticaliyiicant at 20
MM exposure (Figure 3.1b). Zinc and copper, at Ibtlind 20 uM exposure concentrations,
significantly inhibited F& absorption in the mucosal epithelium of posteiimestine. In
contrast, nickel caused a significant inhibitiorFef* absorption in the mucosal epithelium of all
the intestinal segments at both 2 and 20 uM expssuim the blood compartment, nickel had a
significant effect on F& absorption at both the anterior and posteriorstities, whereas zinc
had a significant effect at the anterior intestimdy (Figure 3.1c). Copper did not affect’Fe
absorption in the blood compartment of any intedtsegments. Cobalt did not exhibit any effect

on Fé* absorption in any compartments of the anteriod oniposterior intestine.
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Figure 3.1: The effect of 2 uM (black bars) or 2@ (gray bars) zinc, copper, nickel and cobalt
on the rates of 2 uM Ee(control; white bars) binding t() the mucus, or absorption inb)

the mucosal epithelium ar{d) the blood compartment of different intestinal segts (anterior,
mid and posterior intestine) in fish. Differenttéas represent a statistical difference within the
same intestinal segment (One-way ANOVA followedabgost-hoc LSD tesp < 0.05). Values
are mean + SEMn(= 5).
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3.3.3. The influence of luminal lead and cadmium oimtestinal ferrous iron absorption

The presence of 20 uM lead in the luminal salireeéased Fé binding to the mucus,
although a significant effect was recorded onlyhe anterior intestine (Figure 3.2a). Cadmium
did not affect F& binding to the mucus in any intestinal segmentsthBead and cadmium
inhibited F&* absorption considerably in the mucosal epithelafnall the intestinal segments.
However, lead appeared to have a stronger effact tadmium since the significant inhibition
of F&* absorption occurred at both 2 and 2@ luminal lead concentrations, whereas it was
observed only at 2Q@M luminal cadmium concentration (Figure 3.2b). Tihkibition of F&*
absorption by lead was also recorded in the blandpartment of all the intestinal segments,
although the magnitude of inhibition was less prent compared to that in the mucosal
epithelium (Figure 3.2c). Similarly, cadmium (M) also inhibited F& absorption in the blood
compartment, but the effect was statistically digant only in the anterior intestine (Figure

3.20).
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Figure 3.2: The effect of 2 uM (black bars) or 2@ (gray bars) lead and cadmium on the rates
of 2 uM Fé" (control; white bars) binding tta) the mucus, or absorption infb) the mucosal
epithelium and(c) the blood compartment of different intestinal segts (anterior, mid and
posterior) in fish. Different letters representtatistical difference within the same intestinal
segment (One-way ANOVA followed by a post-hoc LSBstf p<0.05). Values are
mean + SEMr{ = 5).



3.3.4. Relative magnitude of inhibition of ferroudron absorption in the mucosal epithelium

by various divalent metals

Table 3.1 summarizes the influence of zinc, coppakel, lead and cadmium on the
relative rate of F& absorption in the mucosal epithelium of the anterid and posterior
intestines.The inhibitory effects varied spatially and di#et metals produced different degrees
of inhibition (i.e., lower F& absorption rate = greater magnitude of inhibitioffe effect of
copper, nickel and lead on the rate of ‘Fabsorption in the anterior and posterior intestine
appeared to be more prominent than that in theimestine. However, the effect of zinc and
cadmium on the rate of Feabsorption did not show any distinct spatial pattélickel and lead
did not exhibit a clear dose-dependent inhibitdfga on Fé* absorption rate along the whole
intestine. However, the dose-dependent inhibitdifgce by zinc, copper and cadmium was
evident, particularly in the anterior and mid iiless. Overall, the magnitude of inhibition of

Fe** absorption by other divalent metals along thererititestine appeared to follow the order of:

Ni?* ~ P > Cd* ~ CU* > Zrf™.
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Table 3.1:The relative rate of ferrous iron @ absorption in the presence of zinc, copper,

nickel, lead and cadmium in the mucosal epithelafrthe anterior, mid and posterior intestines

of rainbow trout.

Anterior Mid Posterior
2uM 20uM 2uM 20uM 2uM 20uM

Control 100.0+9.3° 100.0+15.9° 100.0+13.2*

Zinc 94.4+15.8® 40.7+9.3° | 74.0+23.4*° 28.4+12.%" | 23.8+4.3" 45.1+17.6°
Copper 57.1+10.8"° 15.6+2.7° | 105.8+8.9° 45.0+9.9" | 43.3+17.8 28.5+4.F"
Nickel 16.2+2.4&¢ 33.3+17.7° | 34.445.%° 36.3+0.7° | 24.9+43.2° 17.0+5.4°
Lead 22.7+6.6° 33.2£9.6" | 43.4+11.8° 31.2+9.6" | 34.2+16.5" 14.5+5.5°
Cadmium | 52.6+14.8° 22.5+13.5" | 82.5429.2° 37.9+11.8" | 77.6+17.6* 37.3+13.5°

The absorption rate atiV luminal Fé* was examined in the presence of other divalenalmet

at 0 (control: iron alone), 2 or M in the luminal saline. Data are presented asguerEé"

absorption rate relative to the control (consideasdL00%), and as mean+SEM5. One-way

ANOVA analysis with post-hoc LSD test was used tompare differences across the

concentrations and among the metals. The differeayital letters represent significant

differences across the three different concentatior the same metal tested (0, 2 ang.&N).

The different small letters represent significarffedences among the metals at each

concentration tested (2 or 20M; including control in each comparison). All siical

comparisons were made within the same intestingineat, andp<0.05 was considered as

statistically significant.
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3.3.5. The influence of luminal nickel, lead and aimium on intestinal ferric iron

absorption

The presence of 20 pM nickel, lead and cadmiurhénuminal saline did not affect ¥e
(2 uM) binding to the mucus (Figure 3.3a).>Fabsorption in the mucosal epithelium was
strongly inhibited by nickel, lead and cadmium I tmid and posterior intestines, whereas it
was inhibited only by lead in the anterior intestifFigure 3.3b). Similarly, lead significantly
inhibited F&" absorption in the blood compartment of the antefimestine (Figure 3.3c).
Cadmium and nickel did not have any effect ofi Bdsorption in the blood compartment of any

intestinal segments.
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Figure 3.3: The effect of 20 pM lead, cadmium aiukel on the rates of 2 uM Eebinding to
(a) the mucus, or absorption infb) the mucosal epithelium ar{d) the blood compartment of
different intestinal segments (anterior, mid andteoor) in fish. Different letters represent a
statistical difference within the same intestiragment (One-way ANOVA followed by a post-
hoc LSD testp < 0.05). Values are as mean + SEM=(5).
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3.3.6. The influence of excess luminal ferrous iroon intestinal lead and cadmium

accumulation

The background concentrations of lead and cadmiumifferent compartments of the
intestines were in the range of 0 (non-detectabl@)0013 nmol/cfhand 0 — 0.0139 nmol/cin
respectively. The exposure to lead and cadmiumifgigntly increased their concentrations in
all the compartments of the intestines (Figure.3Me presence of excess*F&0 pM) in the
luminal saline did not affect lead binding to theigus in any intestinal segments (Figure 3.4a).
However, less cadmium was bound to the mucus iptesence of excess #ealthough the
effect was statistically significant only in thegperior intestine. The exposure to 2 uM lead in
the presence of excess®Felid not affect lead accumulations in the mucogathelium and
blood compartment of any intestinal segments (EgBwdb and 3.4c). In contrast, cadmium
accumulation in the mucosal epithelium and bloodhgartment of both mid and posterior
intestines showed a notable decrease in the pres#nexcess Fé and a statistical difference
was recorded in the blood compartment of the piostartestine (Figure 3.4b and 3.4c). Overall,
49-52% reduction in cadmium accumulation (combinihg mucosal epithelium and blood

compartment) in the mid and posterior intestines vegorded in the presence of excess luminal

Fe.
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Figure 3.4: The effect of excess ferrous iron’{JFen the accumulation of lead and cadmium in
(a) the mucus(b) the mucosal epithelium ar{d) the blood compartment of different intestinal
segments (anterior, mid and posterior) in fish. Haekground concentrations of lead and
cadmium are presented as black bars, and the atationuof lead and cadmium following
exposure to 2 pM lead or cadmium in the absencepezmknce of 20 pM Eeare presented as
light gray and dark gray bars, respectively. Babelled with different letters represent a

statistical significance for the same metal witthia same intestinal segment (One-way ANOVA

[l Background Pbicd

Exposed to Pb/Cd

Exposed to Pb/Cd
with excess Fe

followed by a post-hoc LSD tegi;< 0.05). Values are mean + SEN< 5).
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3.4. Discussion

It has been suggested that iron absorption indighoccursvia DMT1, and the piscine
DMT1 resembles the functional characteristics & thammalian homologue (Dorschner and
Phillips, 1999; Kwong and Niyogi, 2008). Howevdretinteractions of iron with other divalent
metals in fish gut remained virtually unknown. Tgresent study provides evidence that several
divalent metals (both essential and non-esserd#al)interact with the iron absorption pathway
along the entire intestinal tract of fish. Moregvlte magnitude of these interactions varies

spatially along the intestinal tract and dependthemmetals as well.

In the present study, we observed that the absorpti Fé" into the mucosal epithelium
was inhibited by copper in all three intestinalrsegts of the fish. Nadelket al. (2007) reported
that intestinal copper absorption in rainbow trautiependent on the luminal proton gradient,
thereby suggesting the involvement of DMTL1 in cappbsorption. They also observed that
copper absorption in the blood compartment is Sgamtly inhibited by ten-fold excess luminal
iron concentration (5QM copper and 50QM iron) in the mid intestine. Thus, our observation
complements their finding indicating that the iation between iron and copper in the fish
intestine is reciprocal in nature, and thereby sstjgg that the uptake of dietary’Fand CG"
likely occurs through the same pathway (probablyTl)] at least partially. We also observed a
similar inhibition of F&" absorption by zinc both in the mucosal epitheliand the blood
compartment, which could be due to the shared pah®f Fé* and ZA* via DMT1 as well.
Interestingly, Glover and Hogstrand (2003) repottet copper inhibits intestinal zinc uptake in
rainbow trout at equimolar luminal concentratiof (M copper and zinc). Recently, Ogt al.
(2009) demonstrated the reciprocal inhibitory dffefccopper and zinc in the mid and posterior

intestines of rainbow trout. They suggested thatithestinal absorption of copper and zinc is
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probably mediated by DMT1, at least in part, whishconsistent with our findings. It is
important to note though that the absorption ofpespand zinc in the fish intestine may also
occur through Ct- and Zri*-specific transporters. For example, recent mokcevidence
suggests that apical €uand ZA" transport in the fish intestine can ocsim Ctrl and ZIP,
respectively (Mackenzieet al, 2004; Feeneyet al, 2005). The spatial difference in the
magnitude of inhibition of intestinal Eeabsorption by copper and zinc observed in ourystud
might have occurred due to the differential locatian of these transporters (DMT1, Ctrl and

ZIP) along the fish intestine.

Davidsonet al. (2005) reported that Ki can compete with B&for transportvia DMT1
in human lung (A549) and embryonic kidney (HEK)Idigles. In the present study, nickel was
found to be the strongest inhibitor of intestinetFabsorption among all of the divalent essential
metals examined. Unlike copper and zinc, nickehificantly inhibited F&" absorption in the
mucosal epithelium of all three intestinal segmeémtependent of its exposure concentration (2
or 20uM). Nickel also had a significant effect on?Fabsorption in the blood compartment of
anterior and posterior intestines. These resutliséte that Ni* probably has a greater affinity to
the intestinal F& absorption pathway in fish than €wnd Zif*. Interestingly however, we did
not observe any inhibitory effects of cobalt on itestinal F&" absorption in trout. This finding
is different from the mammalian systems, where ltohas been reported to inhibit ¥e
absorption in human intestinal (Caco-2) (Yewetgal, 2005) and embryonic kidney (HEK293)
cell lines (Garricket al, 2006). It may be possible that cobalt interadith the intestinal F&
absorption pathway with a relatively low affinitp@/or the intestinal cobalt absorption primarily

occurs through alternative pathways in fish.

73



It is becoming increasingly evident that dietarpesure can be an important factor for
the accumulation and toxicity of lead and cadmiarfish (Faraget al, 1994; Mountet al, 1994,
Faraget al, 1999; Ng and Wood, 2008). Waterborne lead anthaad may enter into the fish
body via the branchial Ca uptake pathway (Verbost al, 1987; Niyogi and Wood, 2004;
Rogers and Wood, 2004). However, the mechanisnasetdry lead and cadmium absorption in
fish are poorly understood. Our study indicateg ti@h lead and cadmium interact with the
intestinal F&" absorption in fish, and the £eabsorption pathway probably plays an important

role in dietary cadmium accumulation.

As observed with nickel, lead also inhibited Fabsorption in the mucosal epithelium of
all intestinal segments independent of the exposmecentration (2 or 2@M), thereby
suggesting its strong affinity to the #ebsorption pathway. Similarly, Feabsorption in the
blood compartment was also inhibited by lead irttakte intestinal segments, although the effect
was more prominent at higher exposure concentr§@pM) in the mid and posterior intestines.
Notably, F&" binding to the mucus increased in the anteriasitite when exposed to lead. The
underlying reason of this phenomenon is uncleanever the increased mucus binding of Fe
may have played some role in reducing*Rbsorption in the anterior intestine by decreagtihg
availability to the site of absorption. On the athand, ten-fold excess #&n the luminal saline
did not cause any reciprocal inhibitory effect osad accumulation in any intestinal
compartments. The lack of reciprocal effect mightdue to the higher affinity of Ph relative
to F€*, to the F&" uptake pathway (probably DMT1). Alternatively, i& possible that the
absorption of dietary lead occwr additional routes such as calcium transport payswalves
and Wood (2006) suggested the interaction of lemdcalcium in the fish intestine based on the

observation that elevated dietary calcium protag@inst the dietary lead accumulation in trout.
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Further investigations are needed to understandsitirgficance of intestinal B& absorption

pathway in dietary lead accumulation in fish.

The link between dietary iron and cadmium absorptiwa DMT1 is quite well
characterized in mammalian systems (Ratrlal, 2002; Bannoret al, 2003; Ryuet al, 2004).
Bury and Grosell (2003b) reported that thevivo branchial absorption of Eeis inhibited by
ten-fold excess waterborne cadmium in fish. Coogieral. (2006b) also provided indirect
evidence that iron and cadmium may share a commamsgort pathway in piscine intestine.
They demonstrated that treatment with low iron dieteased the expression of DMTL1 in the gut
as well as cadmium uptake in rainbow trout. Otleeent studies with trout have suggested that
cadmium uptake in the stomach occura a calcium-sensitive pathway, whereas cadmium
absorption in the intestine is mediated predomigaly a calcium-insensitive pathway
(probably DMT1) (Woodet al, 2006; Ojo and Wood, 2008). Our study demonstrétat Fé*
absorption into the mucosal epithelium was markadtbited by cadmium in all three intestinal
segments. In addition, cadmium accumulation boththa mucosal epithelium and the blood
compartment was reduced considerably (approxim&@¥) by excess E& notably in the mid
and posterior intestines. These findings clearlygsst that Fé and Cd* are transported by a

common pathway in the fish intestine, possiofyDMT1.

In mammals, the apical ferric reductase plays gyomant role in dietary iron absorption
(McKie et al, 2001). This is because non-heme iron in the pliebarily exists as ferric iron
(F€"") which must be reduced to ferrous iron¥erior to absorption by DMT1. Recently, the
activity of ferric reductase has been recorded ri@ariborde et al, 2004), and its functional
capacity has also been implicated in piscine guiditg and Niyogi, 2008). Therefore, if £ds

absorbed essentiallyia the same pathway as ¥eits absorption should also be inhibited by
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other divalent metals. Yeurg al. (2005) reported that cobalt and manganese inbith F&*
and Fé&" uptake in a similar manner in human Caco-2 cdlts.the present study, we
demonstrated that the absorption of both"ed F&" in the mucosal epithelium of mid and
posterior intestines was strongly inhibited by eicdead and cadmium at a ten-fold higher
concentration relative to iron. This finding furtheorroborates our previous observation that
Fe* is likely absorbed by the same pathway a& Fethe mid and posterior intestines of fish.
On the other hand, the interactions of‘Reith the divalent metals in the anterior intestimere
somewhat different from that of the mid or posteridestine, as only lead caused a significant
reduction of F& absorption in the anterior intestine. The reaswrttis phenomenon is unclear
since nickel, lead and cadmium caused strong itiiibiof F€" absorption in the mucosal
epithelium of the anterior intestine. Perhaps tlegeealternative pathways for ¥absorption in
the anterior intestine and/or the mechanism ofaut#on between Pband Fé" is different. It is
possible that the reduced*Fabsorption, at least partially, was due to thehiion of ferric

reductase activity by lead, as observed in plabtgfget al, 2003).

The magnitude of inhibition of intestinal #eabsorption by other divalent metals
provides insights into the relative affinity of #eemetals to the Eetransport pathway. However,
the current information on the affinity of variodialent metals to the Eetransport pathway
(e.g., DMT1) is highly variable. For example, Gekret al. (2006) reported that the affinity of
different divalent metals to DMT1 in human embryokidney cell lines (HEK293 cells) was in
the order of: MA* > Cdf* > F&* > PiF* ~ Cd* ~ Ni#* > Zr**. Goddardet al. (1997) reported that
the inhibition of F&" uptake by other metals in human enterocytes fatbthe order of: Zfi >
PK* > Cd* > Mn?*. On the other hand, Cooper al. (2007) expressed the transcripts of two

different DMTL1 isoformsglc1ly andslc11p) of trout gill in Xenopusoocytes, and observed that
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the magnitude of inhibition of Bétransport by other metals was dependent on tlieriso They
found the inhibition of F& transportvia sic1ly followed the order of: Cd > Mn** > C&* >
Zn** > PB*, whereas all the metals caused similar magnitddahibition with slc1B. In the
present study, the magnitude of inhibition of ititesl F&€* absorption by other divalent metals
followed the order of: Ni ~ PE* > Cdf* ~ CU#* > zr*. The different patterns of inhibition in
different cells and species indicate that the @naimetal interactions may depend on various
physiological factors such as differential expressof various transporters/channels (e.g.,

DMT1, CTR1, ZIP, C& channels) and their functional characteristics.

We previously demonstrated that iron (botHf'Fend F&") absorption in the mucosal
epithelium (enterocytes) of piscine intestine iygblogically regulated, and likely occuvia
DMT1 (Kwong and Niyogi, 2008). In the present studse found that the inhibitory effects of
various divalent metals on iron absorption occumagrily in the mucosal epithelium, which
clearly indicates that these interactions occuough DMT1. Moreover, the magnitude of
inhibition of FE* absorption by other divalent metals in the anteaintd posterior intestines was
quite similar, and was relatively higher than timathe mid intestine. The surface area of the
anterior intestine in rainbow trout has been regzbtb be about two-fold greater than that of the
mid or posterior intestine (Nadelkt al, 2006). Therefore, the anterior intestine is k& be
the most important site physiologically for thearsction of iron with other divalent metals

relative to either mid or posterior intestine.
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3.5. Conclusions

Overall, our findings suggest that several divatasetals, both essential and non-essential,
inhibit intestinal F&" absorption in fish, likelwia DMT1, and the magnitude of inhibitory effect
by various metals follows the order of:?Ni~ PB* > Cd* ~ CU#* > Zrf*. Cobalt does not seem
to have any effect on intestinal¥absorption in fish. Nickel, cadmium and lead causienilar
inhibitory effects on F& absorption in the mid and posterior intestinedidating Fé" and F&*
are absorbed by the same pathway in these intes#mgments. Interestingly, the intestinal
accumulation of lead was not reciprocally inhibited excess F&, possibly because of its
greater affinity to the Fé transport pathway and/or the existence of altaragtathways for its
absorption. In contrast, the accumulation of cadmin the intestinal tissue was substantially
reduced in the presence of exces$'Fedicating the importance of Fetransport pathway in
dietary cadmium uptake in fish. Thus, we suggest #m iron-rich diet may potentially protect
fish against cadmium accumulation and toxicity. fEhés a growing awareness that dietary
exposure is often the primary source of metal acdation and toxicity in fish in metal
contaminated environments (Meyetr al, 2005). Our findings have important implicatioms f

understanding the mechanisms of dietary metal eptaksh.
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CHAPTER 4: Molecular evidence and physiological chiacterization of iron
absorption in isolated enterocytes of rainbow trou{Oncorhynchus mykiss):

Implications for dietary cadmium and lead absorptin®

4.1. Introduction

Fish are exposed to metal@a both water and diet. The waterborne metal uptake i
generally considered to be the major route foreometal toxicity in fish, although some recent
studies have suggested that the diet can alsogpkgnificant role in metal accumulation and
toxicity in fish (Faraget al, 1994; Faraget al, 1999; Ng and Wood, 2008). The mechanisms of
dietary metal uptake and toxicity in fish are netywwell understood. Interestingly, some recent
studies have indicated that the uptake of sevévalaht metals, both essential [e.g., copper (Cu)
and nickel (Ni)] and non-essential [e.g., cadmi@d)(and lead (Pb)], may occua the iron (Fe)
absorption pathway in the intestine as well ashin gills (Bury and Grosell, 2003b; Bury and

Grosell, 2003a; Coopet al, 2006b; Coopeet al, 2007; Kwong and Niyogi, 2009).

Cadmium and Pb are common contaminants in manytpdllaquatic environments and
pose a serious threat to the health of aquatic a@sjmincluding fish. The absorption of
waterborne Cd and Pb is believed to occur primahitgugh apical calcium (Ca) channels in the
branchial chloride cells of fish (Verbost al, 1987; Rogers and Wood, 2004). However in

mammals, it has been reported that the absorpfi@u@nd Pb from the diet is mediated mainly

% This chapter has been published in Aquatic Towrigpl 99:343-350 (2010), under joint
authorship with Jose A. Andrés (University of Saskawan) and Som Niyogi (University of

Saskatchewan)
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by an apical F& transporter called divalent metal transporter-M{[2, also known aslc11a2
and Nramp2 (Tallkvist et al, 2001; Bressleet al, 2004). It has been shown that DMT1 is
expressed ubiquitously along the gastrointestimattt of mammals, with the maximum
expression in the duodenum (Gunskinal, 1997). The transport of Fevia DMT1 has been
reported to be an active process, and is facitithiea proton gradient (EéH* symporter) and
membrane potential (Gunshat al, 1997; Tandyet al, 2000). To date, three different isoforms
of Nramphave been identified in rainbow tro@rfcorhynchus mykiks-a, -# and » (Dorschner
and Phillips, 1999; Coopest al, 2007), and it has been suggested Nw@mps and » can
function as DMT1 (Coopeet al, 2007). For example, Coopet al. (2007) demonstrated that
gill Nramp# and-y isoforms of rainbow trout could import #ewhen expressed iKenopus
oocytes. Moreover, they also reported that sewkff@rent divalent metals, including Cd and Pb,
inhibit F&* import throughNramp and-y (Cooperet al, 2007). AlthoughNramp (-a and $)
have been shown to be expressed in most tissugs lpeain, liver, spleen, heart, ovary) of
rainbow trout (Dorschner and Phillips, 1999), thepression ofNramp in the gastrointestinal
tract of fish has not been investigated. Previdusies have suggested that the intestinal Fe
absorption in fish is likely mediated by a DMT1 haogue (Buryet al, 2001; Kwong and
Niyogi, 2008). We have also demonstrated that Gl Rim can inhibit F& transport in the fish
intestine (Kwong and Niyogi, 2009). However, furtivevestigations are required for elucidating
the kinetic characteristics of Feransport in piscine intestinal epithelium (i.enterocytes) and
the functional properties of DMT1. Similarly, we etk to examine the mechanisms of the
intestinal interaction between #eand Cd or Pb in order to enhance our understanfirtge

shared dietary uptake of Fe and Cd or Pb in fish.
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In the present study, we used freshly isolatedreayes of rainbow trout in suspension
to characterize B& absorption and its interaction with Cd and Pb. ®uated enterocytes in
suspension represent a good experimental syststady the precise characteristics of epithelial
metal transport in the fish intestine without tlefounding influence of mucus. This approach
has been used previously to characterize the merharof intestinal Ca and Cu uptake in fish
(Larssonet al, 1998; Burke and Handy, 2005). The objectiveshefgiresent study were 4-fold:
(i) to examine the mRNA expression of DMTIrémp# and-y) in the gastrointestinal tissues
including enterocytes of rainbow trout; (i) to cheterize the kinetic properties of‘Feiptake in
isolated enterocytes; (iii) to examine the potdnt@ncentration-dependent inhibitory effect of
Cd and Pb on Eé& uptake in isolated enterocytes, and (iv) to cherae the kinetics of such

inhibitory interactions.

4.2. Materials and methods

4.2.1. Fish

The freshwater rainbow trouD( mykiss 600-800 g wet weight) were obtained from
Lucky Lake fish farm, SK, Canada. Fish were acdeddor at least 4 weeks in the laboratory
condition and supplied with aerated, dechlorinatedter [hardness 157 mg/L, alkalinity
109 mg/L (both as CaC{h) pH 8.1-8.2, dissolved organic carbon (DOC) 2dZLmFe 5.5ug/L,

Cd <0.1ug/L, and Pb 0.2ug/L] in a flow-through system. The water temperatwas maintained
at 15 °C and photoperiod mimicked natural condgidfish were fed Martin's commercial dried

pellet feed (5-pt.; Martin Mills Inc., Elmira, ONGanada) at a daily ration of 2% wet body mass.
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The measured metal concentrations in the feed Wirer&20, Zn 167, Cu 32, Ni 4, Cd 0.07 and

Pb 0.1 (all in mg/kg).

4.2.2. mRNA expression of divalent metal transportel isoform genes

A previous study has shown that two different DMiSdforms (Nramp# and-y) are
involved in the transport of Eein the gills of rainbow trout (Coopeet al, 2007). We
hypothesized that these isoforms are also express#dhvolved in Fe transport in the intestine
of trout. A qualitative PCR approach was employedekamine the mRNA expressions of
Nramp# and-y in the gastrointestinal tract of fish. Fish werstfeuthanized using MS-222, and
the gastrointestinal tract was dissected and darefieaned. The tract was then sectioned into
stomach, anterior intestine (included pyloric c@gcaid intestine and posterior intestine based
on the morphological differences. Each tissue wasgssed separately for total RNA extraction
and later PCR reaction, and three individual figrewsed. The mRNA expressiondNvamp#
and ¥ were also examined in enterocytes isolated frawetklifferent fish (see below for method
of isolating enterocytes). Total RNA was extracteihg Trizof (Invitrogen, USA). To avoid
genomic DNA contamination the extracted RNA wasiteed with DNase | (Invitrogen, USA).
This RNA was then used to synthesize single-stnt@NA using SuperScript 1l reverse
transcriptase (Invitrogen, USA) and an oligo (dTjyimer. Tissue-specific RNA/DNA
heteroduplexes were diluted in water (moleculadgyaand used as PCR templates. Specific
primers were designed fdlramp# (Accession number AF048761; Forwar¢CLT CCC CTC
CGG CTT CAG AC-3 Reverse: 5GGT CCC GTA AAG GCC CAG AGT T-3 and -y

(Accession number EF495162; ForwardA&C CGC TCC ATC GCC ATC TT-3Reverse: 5
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ACC CCT CCG CCT ATC TTC CAC A-R As positive controls of our diagnostic PCR assay
small portions of two different housekeeping geresubulin ands-Actin, were also amplified
using the primers and conditions described in Aleget al. (2005). All amplifications were
conducted in 1@l reaction volumes containing 1x reaction buffemi MgCl,, 0.2 mM of
each dNTP, 0.26M of each primer and 1 U of Platin(fhTaq DNA polymerase (Invitrogen,
USA). The amplification was performed in a therrogtler (C1000; Bio-Rad, USA) with the
following conditions foiNramp#: 38 cycles of 94 °C (50 s), 62 °C (25 s), and €425 s); and
for Nrampy: 38 cycles of 94 °C (50 s), 65 °C (30 s), and €230 s). These PCR conditions
were selected because the resolution and the ggodf the amplification were optimal under
these conditions. The specificity Nfamps and-y primers was confirmed by DNA sequencing
and BLAST analyses. All amplicons were sequenced &d130XL DNA Analyzer using the

BigDye Terminator Kit (Applied Biosystems, Canada).

4.2.3. Isolation of enterocytes

A technique of isolating enterocytes from rainboeut intestine was developed based on
the methods described by Weiser (1973) and Larssah (2003). Fish were euthanized using
MS-222 and bled to remove as much blood as possilbie whole intestinal tract (anterior to
posterior intestine) was dissected out and immelyidtansferred to an ice-cold physiological
saline [modified Cortland saline: NaCl 133, KCIGaC} 1, MgSQ 1.9, NaHCQ 1.9, NaHPO,
2.9, glucose 5.5 (all in mM) (Wolf, 1963), bufferadth 10 mM Hepes, pH 7.4]. The intestine
was carefully cleaned and rinsed several times théhsaline until the saline became almost

clear. The intestine was then transferred to 10@itrdte buffer [NaCl 96, KCI 1.5, K#PO, 8,
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NaHPO, 5.6, Na-Citrate 27 (all in mM), pH 7.4] and shaki®en 5 min. The intestine was
subsequently removed from the buffer, blotted lightith Kimwipes, and then transferred to
50 ml isolation buffer [NaCl 154, NHPO, 10, EDTA 2, dithiothreitol 1 (all in mM), pH 7.4].
The buffer was gently pipetted for 20 min with astear pipette. The intestine was removed
from the isolation buffer and spread on a piecalominum foil. The loose mucosal epithelial
cells were gently detached from the tissue lay@rgua cell scraper and transferred to the same
isolation buffer. The clumped cells were disperbgipetting gently, and the suspension was
filtered via a 230um mesh [cell dissociation sieve (CD-1), with 60 mesreen (S1020); Sigma,
USA]. The filtered cell suspension was centrifuged00 xg for 4 min at 4 °C. The cells were
washed 3 times with 50 ml modified Cortland salinecentrifugation at 600 ¢ for 4 min at

4 °C. Subsequently, the cell pellet was resuspendiird5—10 ml of the modified Cortland saline
and filteredvia a 70um mesh (Product no. 352350; BD Falcon, Canada). €fttiee isolation
procedure was performed on ice, and the salines atered vigorously for at least 30 min and
stored at 4 °C before use. The purity of enterosuspension was checked under a light
microscope, and the cell number and viability wehecked using a trypan blue exclusion
method and an automated cell counter (Coufitésgomated Cell Counter; Invitrogen, USA).
Only cell suspensions enriched with >80% enterccwéth viability >85% were used for
experiments. The cells were appropriately diluted & 16 cells/ml with the modified Cortland
saline, and five 2@l aliquots were stored at —20 °C for subsequentegmadetermination. The
cells were allowed to incubate in a refrigeratedewaath (Linberg Blue M; Thermo Scientific,
USA) with gentle oscillation at 15 °C for 30 miniqrto their use in any experiments. Each
experiment was performed at least five times wgh preparations from an individual fish at

each time. To avoid any potential variations duetlte use of different batches of fish,
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simultaneous controls were conducted for eachfsexmeriment. For some experiments dealing
with Cd and Pb exposures, the membrane integrityhef enterocytes (leakage of lactate
dehydrogenase) was also evaluated (CytoTox-ONE Kemspus Membrane Integrity Assay,
G7890; Promega, USA). The protein content of tHks seas determined using a protein assay

kit (Total protein kit, TP0300; Sigma, USA).

4.2.4. Measurement of iron uptake in isolated entecytes

The uptake of P& by enterocytes was determined using a radiotraxghod {°FeCk;
PerkinElmer Life Science, USA). The preparatiothef Fé* solution for the uptake experiments
was similar as described by Kwong and Niyogi (2008)brief, a stock solution of FefWwas
prepared by mixing cold Feglwith nitrilotriacetic acid (NTA) at a molar ratiof 1:4
(FE":NTA), then an aliquot of the stock solution waslicdabeled with>*Fe** (0.08 mCi/ml).
Na-ascorbate was freshly mixed with ti&Fe-NTA solution at a molar ratio of 1:20
(Fe:ascorbate) for 15 min before experiments. Mttiacetic acid maintains the solubility of Fe
while ascorbate maintains Fe in a reduced staté")(F€o prepare F&, the solution was

prepared similarly as described above except tidied of ascorbate.

To examine the concentration-dependerft E@take (0.5-2QM) at pH 6.0, 7.4 or 8.2,
the cells were first pelleted and resuspended idified Cortland saline at the desired pH, and
400pl cell suspensions (1 x 1@ells/ml) were transferred into 1.5 ml microfugepés. The
uptake was initiated by adding an appropriate amofitFe** solution into the cell suspensions.
The microfuge tubes were gently inverted sevenales to ensure proper mixing. During

exposure, the tubes were incubated in a refriggnatger bath at 15 °C with gentle oscillation.
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To terminate the F& uptake, the tubes were removed from the water &radh60Qul of ice-cold
washing saline (modified Cortland saline, freshipglemented with 2 mM NTA, pH 7.4) was
added into the cell suspensions. The tubes werdlyg@rverted several times and then
centrifuged at 1000 g for 1 min. The supernatant was removed and tHeebét was washed 2
more times with 1 ml ice-cold washing saline. Sajosatly, the radioactivity oFFe in the cell
pellet was measured by a Wallac 1480 Wizatdg8@mma counter (PerkinElmer Life Science,
USA). The non-specific binding (e.g., adsorptiohj%e was evaluated in the presence of a 100-
fold excess of cold iron, and was found to be adotire background level (undetectable). To
examine the time-dependent’®Faccumulation, the enterocytes were exposed tpM.5e’" at

15 °C and pH 7.4, and were sampled at 1, 2, 5200and 30 min. A Fé concentration of
2.5uM was chosen for this experiment because our atedilbinding affinity K.) for F&”

uptake in isolated enterocytes was quite similahi®value (see Section 4.3).

4.2.5. Effect of ferrozine and high extracellular ptassium on ferrous or ferric iron uptake

The effect of 10M ferrozine on the uptake rates of 208 Fe* and F&" in isolated
enterocytes was examined for 10 min at 15°C and Pp# Ferrozine is a membrane
impermeable specific B& chelator. The use of ferrozine allowed us to gomfthe Fe in the
exposure saline was in Festate after ascorbate was added, and to evalbatedtential
conversion of F&€ to F€* by an apical ferric reductase of enterocytes (Rajal, 1992). To
examine the effects of membrane depolarization &t tptake in isolated enterocytes, the cells
were exposed to 2/8M Fe** in a K'-based saline at 15 °C for 10 min, pH 7.4. THebksed

saline was prepared by replacing 110 mM NaCl wi@l K the modified Cortland saline. The
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high K" saline has been reported to cause disruption efnembrane potential in human

intestinal Caco-2 cells and significantly reducé"kmtake (Tandet al, 2000).

4.2.6. Inhibitory effect of cadmium and lead on ferous iron uptake

The inhibitory effects of Cd and Pb on’Faptake in isolated enterocytes were examined
in a CQ? and PQ? -free saline (modified Cortland saline without Na®and NaHPQ;). Na-
citrate in a molar ratio of 1:5 (Pb:citrate) wasaalised in the Pb experiment which maintained
the solubility of Pb in the saline (Bannat al, 2003). Following exposure, the cells were
washed with saline containing no €0and PQ*". The effects of varying Cd (as CdCD-

2 mM) and Pb (as Pb-acetate; 0—100) concentrations on the absorption ofiNl Fe** were
conducted following the same experimental procesiiaed conditions as described above
(10 min exposure at 15 °C and pH 7.4). In additibwe, effect of 1QuM Cd on the uptake of

1 uM Fe?* in isolated enterocytes was examined over 103@@&nd 60 min.

To characterize the inhibitory properties of CdRtr on F&" uptake, the concentration-
dependent P& uptake (0.5-2QM) was measured in the presence of either 1 mM ICHD@aM
Pb for 10 min at 15 °C, pH 7.4. These concentratware chosen based on our findings that the
Fe** absorption could be significantly inhibited by MnhCd or 10uM Pb following 10 min of
exposure (see Section 4.3). Since we found thatittetic parameters of Eeuptake, such as the
apparent binding affinityK) and the maximum transport rat&.{y), were very consistent in
any control experiments, the data were pooled teegge a single curve from all the control

replicates.
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4.2.7. Calculations and statistics

All the statistical analyses and curve-fitting wererformed using Sigmapftversion
11.0. The data were presented as the mean + SEdMyware expressed as either the Fe uptake
rate (both F& and F&") [pmol Fe/(mg protein x min)] or Fe accumulatigmmpl Fe/mg protein).

The Fé&" uptake data were analyzed using the Michaelis—&fentequation:

Jin = QOmax X [X]) / ([X] + Km) (4.1)

whereJ;, is the F&" uptake rate,X] is the concentration of E&in the exposure salindyaxis the

maximum uptake rate, and, is the concentration of Fethat led to half-maximal uptake rate.

The concentrations of Cd and Pb, which resulte80b inhibition on F& uptake rate (16) in
isolated enterocytes, were estimated by fitting libg(dose)—-response curves with the Hill

equation:

Jin = [min + (max — min)] / [1 + 1@g(|050) = [X] x (Hill coefficient))] (4'2)

where min and max represented the lowest and titeei F&" uptake rates, respectively. The
min was allowed to be predicted by the model, wtliee max was user-defined to the observed

value of the JuM Fe** uptake rate in the absence of Cd and Pb (control).

The statistical difference between the control aedtment groups were analyzed either
by an unpaired Studentgests (two-tailed) or by a one-way analysis ofiaiare (ANOVA)
followed by a least significant difference (LSD}teDifferences were considered significant at

p < 0.05.
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4.3. Results

4.3.1. mRNA expression of divalent metal transportel and the viability of isolated

enterocytes

The PCR analysis revealed the expressions of mRas¢ripts of botiNramp# and-y
along the entire intestinal tract (anterior, midl gosterior intestine), as well as in the isolated
enterocytes of rainbow trout (Figure 4.lrampy and-y expressions were also recorded in the

stomach, gill and liver (data not shown).

The viability of isolated enterocytes was typicall9—96% immediately after isolation,
and remained >85% after 3 h of isolation ar@5and for about 4 h when the cells were kept on
ice (verified by trypan blue exclusion and LDH lagk assays). Figure 4.2a shows an overview
of the enterocytes in suspension after 30 min @ft®on. Some of the enterocytes maintained
their usual cylindrical shape immediately followiisglation (Figure 4.2b), however virtually all
of the enterocytes changed to a spherical shape 20t min (Figure 4.2a and c). Nevertheless,
the microvillus structure was still distinguishatde the apical membrane of the enterocytes
(Figure 4.2c). On the other hand, the exposuredt@i@b under our experimental conditions did
not significantly affect the cell viability and ménane integrity (i.e., LDH leakage) (Appendix

Figure A3).
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Nramp-y

Nramp-B (255 bp)

(118 bp) 300 bp
B Bl e e Al MI PI IE -200bp
Al Ml Pl IE -75 bp

Figure 4.1: A representative picture showing theNARmessenger ribonucleic acid) expression
of Nramp# and y extracted from the tissue of intestines as wefl@® the isolated enterocytes
of rainbow trout. The four bands for each geneiarhe order of (from left to right): anterior

intestine (Al), mid intestine (M), posterior intewe (PI) and isolated enterocytes (IE).
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Figure 4.2: Representative photographs of isoleagtbow trout enterocytes in suspensi¢a):
the overview of the enterocytes in suspension &femin of isolation (objective magnification:
10x). (b) Immediately following isolation, the enterocytesmained in their cylindrical shapg)
After 30 min, most of the enterocytes adopted aespal shape. The microvillus structure is
distinguishable indicating the apical membranéhefc¢ells(b and c). Photographs were captured
using a Zeiss® Axioplan microscope equipped witlligital charge-coupled device (CCD)

camera.
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4.3.2. Concentration and time-dependent ferrous ino uptake in isolated enterocytes

Figure 4.3a shows the concentration-dependefitufgtake in isolated enterocytes at pH
6.0, 7.4 and 8.2, and the data were characterigédithaelis—Menten relationship%= 0.92—
0.98). The appareri,, for F€* uptake at pH 6.0, 7.4 and 8.2 were 1.7 + 0.4+D3! and
3.4 £ 1.3uM, respectively, while thdn.x at these pH levels were 0.61 £ 0.04, 0.62 £ 0123 a
0.33 £ 0.04 pmol/mg protein/min, respectively. Natistical differences were observed among
the Ky, values at different pHp(= 0.36), whereas th&.x at pH 8.2 was significantly lower than
that at pH 6.0 and 7.4 & 0.001). Figure 4.3b shows the accumulation &f Fethe enterocytes
over time following the exposure to 1M Fe**. F¢* accumulation in the enterocytes increased
with the exposure time, and appeared to reachaastetate beyond 10 min with respect to the

rate of accumulation.

4.3.3. Effect of ferrozine and membrane depolarizédn on ferrous or ferric iron uptake

The uptake rate of 28Vl F€** in isolated enterocytes was significantly higheart that
of 2.5uM Fe** (p < 0.001) (Figure 4.4a). The uptake rates of bath Fp < 0.001) and F&
(p < 0.05) were significantly reduced in the preseatd00uM ferrozine. On the other hand,
depolarization of the enterocytes induced by thd#sed saline significantly reduced the uptake

rate of F&" (p < 0.05) (Figure 4.4b).
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Figure 4.3:(@) The concentration-dependent ferrous*{JFzon uptake in isolated enterocytes of
rainbow trout exposed to 0.5-20 pM?Fat pH 6.0, 7.4 and 8.2 for 10 min. The curves were
characterized by Michaelis—Menten relationstilp. The time-dependent iron accumulation in
isolated trout enterocytes following the exposuse2t5 uM Fé&" at pH 7.4 for 1-30 min.
Different letters represent a significant differenramong the data points (One-way ANOVA
followed by a post-hoc LSD tegi;< 0.05). Values are meanstSEMA 5-10).
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Figure 4.4:(a) The effect of a specific ferrous @giron chelator ferrozine (100 pM) on the
uptake rates of either 2.5 pM%Fer ferric (F€") iron in isolated enterocytes of rainbow trout.
Bars labeled with different letters are signifidgrdifferent from each other (One-way ANOVA
folowed by a post-hoc LSD tesp < 0.05). (b) The Fé" uptake rates in isolated trout
enterocytes exposed to 2.5 uMFim a control saline (sodium-based saline; 133mNCNand
5mM KCI) and in a potassium-based saline (23mM Na@dl 115mM KCI). An asterisk
indicates a significant difference compared todbetrol (Student’'s-test;p < 0.05). Values are
meanstSEMr{ = 5).
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4.3.4. Effect of cadmium or lead on ferrous iron ufake in isolated enterocytes

Both Cd and Pb inhibited the uptake rate qfM. Fe?* in a concentration-dependent
manner in isolated enterocytes (Figure 4.5a). Gunagons of Cd at1 mM or Pb at-10 uM
significantly reduced & uptake p < 0.05). The log dose—response relationship ofrthibitory
effects of both Cd and Pb was characterized byHiHeequation ¢* = 0.99) (data not shown).
The concentrations of Cd and Pb that caused 50%ctied (IG) of the uptake rate of UM
Fe* were 690.4 +1.2 and 7.1 + QuM, respectively. The inhibitory effect of Cd on %Fe
accumulation was also dependent on the exposuee (figure 4.5b). 1M Cd significantly
reduced the accumulation of%én the enterocytes at 30 mip £ 0.001), whereas no statistical

differences were observed at 10-20 min and at &0 mi

4.3.5. Kinetic analysis of ferrous iron and cadmiurfiead interactions

The effects of 1 mM Cd and 1M Pb on the uptake kinetics of $ein isolated
enterocytes exposed to 0.5+48@ Fe’* were shown in Figure 4.6a and b, respectivelythin
presence of 1 mM Cd, the appar&pt of F&* uptake (11.91 + 4.2M) increased significantly
(p < 0.05) when compared to the control {Falone; 2.30 + 0.36M), whereas no statistically
significant difference @{=0.09) was recorded between thé,.x values [control:
0.62 £ 0.03 pmol/(mg protein x min), and Cd treatine.96 + 0.17 pmol/(mg protein x min)].
Similarly, 10uM Pb significantly p = 0.008) increased the apparefit, of F&* uptake
(6.24 £ 0.83uM) without changing theJmax (0.60 +0.07 pmol/(mg protein x min)) when
compared to the controp & 0.8). The observed increase in the appafgnivithout any change
in Jnax indicated that both Cd and Pb inhibitedf Feptake by competitive interaction in isolated

enterocytes.
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Figure 4.5:(a) The effect of increasing cadmium (Cd) or lead (&dr)centrations on the uptake
rate of 1 uM ferrous (B8 iron in isolated enterocytes of rainbow troutldaling 10 min of
exposure. Statistical comparison among the Cd ocdPlcentrations was performed separately,
and different letters represent a significant défece (One-way ANOVA followed by a post-hoc
LSD test;p < 0.05).(b) The effect of 10 uM Cd on the accumulation of 1 " in isolated
trout enterocytes following 10-60 min of exposuka.asterisk indicates a significant difference
compared to the control (1 uM #ealone) at 30 min (Studentistest; p < 0.05). Values are
meansSEMr{ = 5).
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Figure 4.6: The concentration-dependent ferrou$"Reon uptake in isolated enterocytes of
rainbow trout exposed to 0.5-20 uM?Féor 10 min in the presence @) 1 mM cadmium (Cd)
or (b) 10 uM lead (Pb). The curves were characterizedVighaelis—Menten relationship.
Values are means+=SEM € 5-10).
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4.4. Discussion

To date, three different isoforms Nfampgene products have been identified and cloned
in rainbow trout Q. mykisy Nrampe, -# and-y (Dorschner and Phillips, 1999; Coopedral,
2007). It has been suggested tRaamp+ is involved in antimicrobial activity, whil&lramp#
and-y function as divalent metal transporters (DMT1) anel involved in F& absorption in fish
(Dorschner and Phillips, 1999; Cooparal, 2007). Coopeet al. (Cooperet al, 2007) isolated
Nramp# and-y transcripts from the rainbow trout gills and destoaited that both isoforms can
import Fé" when expressed iXenopusoocytes. They also showed thatFeansport by both
DMT1 isoforms Nramp# and #), like their mammalian homologues, is dependena @moton
gradient (i.e., a F&H* symporter). Dorschner and Phillips (1999) repoftedmp (-a and-f)
are expressed in brain, liver, heart, kidney, nejsgppleen and ovary of rainbow trout, however
its expression has not been examined previoudlydargastrointestinal tract of fish. This study is
the first to report the gastrointestinal expresstdnDMT1 (Nrampy#$ and -y isoforms), and

provides evidence of its probable involvement ietaliy F&" uptake in fish enterocytes.

In the present study, we observed that the mRN#Astiapts of DMT1 Nramp# and #)
were expressed along the entire intestinal tradiefar, mid and posterior intestines) as well as
in the stomach (data not shown) of rainbow troumil@rly, enterocytes isolated from the whole
intestinal tract of trout showed the mRNA expressid Nramp# and-y, suggesting a role for
the proteins in apical Eeabsorption in trout intestine. Usirig vitro gut sac preparations, we
have previously demonstrated that the absorptioRedf occurs across the entire intestine of
trout (Kwong and Niyogi, 2008). Several previousdi¢s have suggested that Feansport by

mammalian DMT1 is driven by a proton gradient arehmbrane potential (Gunshet al, 1997;
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Tandyet al, 2000; Mackenziet al, 2007). Coopeet al. (2007) reported that the rate of’Fe
transport by gill Nramg- and y proteins of trout is significantly higher at pHnhge of 5-7.5
than at pH 8-9. In the present study, we found tihatuptake of Fé in trout enterocytes was
saturable over 0—20M of F€* exposure, and the maximum rate of uptakg,) was about 2-
fold greater at pH 6 and 7.4 relative to that atgR. In addition, disruption of the membrane
potential of isolated enterocytes by substitutiraj With K* in the exposure saline significantly
reduced the uptake of e Taken together, these results suggest th&t &ssorption in trout
enterocytes occursia DMT1 (Nramp$ and ¥). The affinity of F&" transport Km: 2.3uM)
observed in the present study is comparable tordpirted in mammalian Caco-2 celléy(
2.9-7uM) (Bannonet al, 2003; Linderet al, 2006), but considerably higher than that observed
in isolated human enterocytds.{ 52.5uM) (Goddardet al, 1997). These discrepancies could
be possibly due to the differences in acclimatmuditferent dietary Fe regime, and Fe status and
requirement of different species. Cooper and Ba607) reported &, value of 21.3 nM foin
vivo branchial Fe transport in rainbow trout followitige exposure of Fegfor 3 h. This result
indicates that the trout gill has a much higheméif for Fe transport than the intestine. This is
not surprising since the fish intestine operatea fre-rich environment relative to the gill, and
dissolved Fe (especially in £eform) concentration is usually quite low in circurautral

natural waters (Bury and Grosell, 2003a; Bury amnds@ll, 2003b).

The present study showed that the maximum rate ébf &ptake Jma) in isolated
enterocytes of rainbow trout was markedly lowerhath pH (pH 8.2). However, it did not
increase when the pH was decreased from 7.4 t@€Ce@peret al. (2006a) also reported that the
rate of intestinal & absorption in marine gulf toadfispsanus befawas not affected when

pH was decreased from 7.0 to 5.5. Batyl. (2001) observed that the intestinaf Feptake rate
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did not change over a pH range of 7.1-7.8 in Eland®under Platichthys flesus Therefore,

it appears that both freshwater and marine fishettattively acquire Fe from the diet at circum-
neutral luminal pH. Nevertheless, it is possiblattmarine fish are more efficient in absorbing
dietary Fe in alkaline pH (>8.0), unlike our obs#ron in rainbow trout, since marine fish

maintain a much stronger alkaline luminal environtrtean freshwater fish.

The present study demonstrated that the rate OFf tjake is approximately 10-fold
higher than that of P&in isolated trout enterocytes. The higher bioakility of F&* over F&"
via both gill and intestine has been reported in liiglseveral previous studies (Bweyal, 2001;
Bury and Grosell, 2003b; Kwong and Niyogi, 2008)omdheme iron in the food exists
predominantly in F& form, and in mammals Beis first reduced to P& in the lumen by an
apical ferric reductase (also known as duodenaatybme bDcytb) prior to its absorptionia
DMT1 (McKie et al, 2001). Ferric reductase activity has been recbride rainbow trout
intestine (Carriquiribordet al, 2004), and its functional role in the intestiaakorption of F&
has also been suggested (Kwong and Niyogi, 2008. gresent study demonstrated that the
membrane impermeable specific’Fehelator (ferrozine) significantly reduced both*Fand
Fe* uptake in trout enterocytes, although the effeas wnore pronounced for £ethan F&.
This finding suggests that the extracellular cosiger of F&" to F&* may have occurred, which

was possibly mediated by the apical ferric redwetas

Previously, usingin vitro gut sac preparations we demonstrated that sewthalr
divalent metals such as Cu, Cd, Ni, Pb and Zn inliibestinal F&" absorption in trout, and
suggested that these interactions occur likedyDMT1 (Kwong and Niyogi, 2009). Coopet al.

(2007) also reported that ¥etransport by trout gill Nramp-and ¥ proteins is sensitive to
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inhibition by several divalent metals (e.g., Cd, G, Pb and Zn), with the former being more
sensitive to inhibition. Similar inhibition of Eetransport by other divalent metals has also been
reported in mammalian cells as well including emtgtes (Goddaret al, 1997; Garricket al,
2006). Based on these observations, it can be stegh¢hat DMT1 is likely involved in the
dietary absorption of several divalent metals idigoh to Fé" in fish. We also observed the
MRNA expression of DMT1Nramp# and-y) in the trout stomach, suggesting stomach is a
potential site of F& absorption in fish. Although the role of stomanhFé" absorption has yet

to be confirmed, other recent studies have dematestrthat the absorption of several divalent
metals (e.g., Cd, Cu, Ni, Pb) occurs in the stonactish (Woodet al, 2006; Ojo and Wood,
2007; Ojo and Wood, 2008). Overall, these resulthér indicate the possible role of DMTL1 in

the divalent metal absorption in the gastrointedtiract of fish.

It is well recognized that DMT1 is involved in tldsorption of dietary Cd in mammals
(Park et al, 2002; Bressleet al, 2004; Ryuet al, 2004). Recent evidence suggests that the
absorption of both waterborne and dietary Cd ih fiscursvia DMT1 as well, at least in part
(Cooperet al, 2006b; Coopeet al, 2007; Kwong and Niyogi, 2009). In the presentgiuve
found that Cd can competitively inhibit #euptake in trout enterocytes. This finding is in
agreement with several mammalian studies. For elgropmpetitive inhibition of Fé uptake
by Cd has been observed in mammalian erythroid ¢8kvigni and Morgan, 1998). Reciprocal
interaction between Eéand Cd uptake has also been demonstrated in maanniadiney cell
lines over-expressing DMT1 (Oliwet al, 2001). However, the concentration of Cd required
(1 mM) to significantly inhibit the uptake ofj@M Fe** in trout enterocytes (exposed for 10 min)
was considerably higher compared to that recoraedaur previous study. We previously

demonstrated that 20M Cd can inhibit the absorption ofiM Fe** in gut sac preparations of
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rainbow trout following 2 h of exposure (Kwong aiyogi, 2009). Therefore, we further
examined the inhibitory effect of Cd with a longaposure period, and observed thapulDCd

can significantly reduce the accumulation qiM Fe?* in trout enterocytes over an exposure
period of 30 min, thereby corroborating our pregi@mbservation. Tandgt al. (Tandyet al,
2000) also reported that the uptake @f\L F€** can be significantly inhibited by 1Q0M Cd in
Caco-2 cells expressing rat duodenal DMT1 overgosure period of 1 h. Nonetheless, the
requirement of a relatively high concentration af (&t least 10-fold excess) in the exposure
media in order to inhibit Fé uptake in trout enterocytes suggests that Cd vasaker affinity

to the F&" transport pathway (DMT1) than £e Although the reciprocal effect of £eon Cd
uptake by trout enterocytes was not examined irptesent study, we previously reported that a
10-fold excess of Fé& exposure concentration could significantly reduogestinal Cd
accumulation in fish usingn vitro gut sac approach. Interestingly, Coopdral. (2007)
demonstrated that although *Feabsorptionvia both DMT1 isoforms Nrampg and #) of
rainbow trout can be inhibited by Cd when expressecKenopusoocytes, onlyNramp#
mediates Cd absorption. The present study demoedtthat trout enterocytes do express the
mRNA transcripts of DMT1 (botiNramp4# and-y), and the interaction between?Fand Cd in
the enterocytes is competitive in nature. Colled§iythese results suggest that'Fend Cd have

a shared uptake pathway in fish enterocyta®MT1.

We previously observed that Pb was a stronger itohithan Cd on intestinal Fe
absorption in fish usinm vitro gut sac preparations (Kwong and Niyogi, 2009). £tsient with
that observation, the present study also demoassitritat the inhibition constant for Pb was
approximately 100-fold lower than that for Cd. Maver, our study also revealed that Pb can

competitively inhibit F&" uptake in trout enterocytes, as observed with lfi,at a 100-fold
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lower exposure concentration than Cd. These resuilisate that Pb probably has a higher
affinity for DMT1 than Cd, and intestinal Pb uptakefish likely occursvia DMT1 as well. The
inhibitory effect of Pb on Fé uptake has been reported in isolated human eytes(Goddard

et al, 1997), and the role of mammalian DMT1 in Pb uptdlas also been demonstrated
(Bannonet al, 2002). Interestingly, our previous study has shalat a 10-fold excess of e

in the exposure media could not reciprocally redi®i®e accumulation in trout intestine,
suggesting additional pathways may be involvedhraBsorption (Kwong and Niyogi, 2009). In
mammals, the physiological role of DMTL1 in dietdP absorption is also inconclusive. For
example, Bannoret al. (Bannonet al, 2002) expressed rat DMT1 in a yeast cell line and
observed that DMT1 can mediate botii'Fand Pb absorption with a similar affinit{ for Fe&*
and Pb uptake: 1.3 and 1uBl, respectively). However, it has also been denmrated that Pb
uptake was not impacted in DMT1-knockdown CacoiB ¢Bannonet al, 2003). These results
suggest that DMT1 is not the only transporter foruptake in mammalian intestinal cells. In fish,
the role of apical Ca channel has been implicated in the absorptionietady Pb (Alves and
Wood, 2006). The physiological importance of DMflintestinal Pb absorption in fish requires

further investigation.

4.5. Conclusions

This is the first study to report the expressionaof apical F& transporter, DMT1
(Nramp# and-y), in the gastrointestinal tract of fish. We al$@iacterized the kinetic properties
of F&¢* uptake in isolated fish enterocytes and its imtgwa with Cd and Pb. Our results suggest

that Fé* uptake in fish enterocytes is carrier-mediated sewsitive to a proton gradient and
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membrane potential, thereby indicating the involeatmof DMT1. We also demonstrated that
both Cd and Pb can competitively inhibi’Feptake in fish enterocytes, and Pb appears to be a
stronger inhibitor than Cd. Overall, our study pd®s strong evidence that both Cd and Pb
uptake may occur in the fish intestivia a Fé" transporting pathway (likely through DMT1).
The present study also demonstrates that isolatesioeytes can serve as a useful experimental

system to study the mechanisms of dietary divategtal uptake in fish.
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CHAPTER 5: Cadmium transport in isolated enterocytes of freshwater
rainbow trout: interactions with iron and zinc, effects of complexation with

cysteine, and an ATPase-coupled efflix

5.1. Introduction

Cadmium (Cd) in its free ionic form (€9 is highly toxic to vertebrates including fish.
The uptake of Cd in fish occurs primariia the gills and gut. Cadmium is known to act like a
calcium (Ca) analogue, and the antagonistic interabetween the branchial uptake of Cand
Cd?* is well documented (Hollist al, 2000; Niyogi and Wood, 2004; Niyogt al, 2008). The
acute toxicity of waterborne Cd exposure in fredlewdish is generally associated with the
impairment of active Ca transport by the competitive blockade of apicathanum sensitive
voltage-independent &a channels and/or selective inhibition of basoldteta’*-ATPase
transporters by Cd in gill mitochondria-rich chiteicells (Verboset al, 1987; Verboskt al,
1989). The competitive interaction between’Cand CA&" via apical C&" channels have also
been reported in mammalian hepatic and kidney ¢etiedman and Gesek, 1994; Soezal,

1997).

Recent studies have shown that exposure to eledatéaty Ca reduces Cd accumulation

in the gastrointestine and the whole-body of fistatklinet al, 2005; Klincket al, 2009; Nget

*This chapter is conditionally accepted (pendinganirevisions) for publication in Biometals,
under joint authorship with Som Niyogi (University Saskatchewan). The revised manuscript

has been submitted and is currently under review.
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al., 2009). However, the mechanism of interaction leetwluminal Ca and Cd remains unclear.
The stomach is found to be an important site ofaBsorption in fish (Wooet al, 2006; Ojo
and Wood, 2007; Klinck and Wood, 2011), and therga€d absorption appears to oceiat a
mechano-sensitive L-type (voltage-gated}'Gannel, at least in part (Klinck and Wood, 2011).
Unlike in the gills Cd uptake in the fish intestiizefound to be largely Ca insensitive (Woed
al., 2006; Ojo and Wood, 2008), which is similar tattbbserved in the mammalian enterocytes
cell model (Caco-2 cells) (Jumare al, 1997; Pigmaret al, 1997). Although Klinck and Wood
(2011) have recently suggested the possible roleotti L-type and lanthanum-sensitive’Ca
channels in the intestinal Cd uptake of fish, thistence of such channels in the enterocyte are
not clearly established. Presently, the mechanjsof(€d extrusion from enterocytes into the
bloodstream is not well understood, although Schakersel al. (1992) have linked the
basolateral transport of &dto the N&/C&* exchanger, and to the €aATPase and Nz&K*-
ATPase - indicating that the basolateral Cd trarisp@ay be a Ca sensitive and/or ATP-
dependent process.

There is a growing body of evidence suggesting that intestinal Cd absorption in
vertebrates occurs through the apical ferrous i(B&") transporter, the divalent metal
transporter-1 (DMT1) (Parkt al, 2002; Bannoret al, 2003; Coopeet al, 2006b; Kwonget al,
2010). DMT1 is a proton-coupled £dransporter (i.e. F&H" symporter), and is ubiquitously
expressed in various transport epithelia includitgstine (Gunshiret al, 1997; Kwonget al,
2010). It has been reported that clonal knockdofwih@ DMT1 gene reduces the uptake of both
Fe* and Cd" in Caco-2 cells (Bannoet al, 2003). Recently, the expression of DMT1 has been
recorded both in the stomach and intestine of fiSlvong et al, 2010). Kwonget al. (2010)

have also demonstrated that?Cihhibits the apical uptake of Fein the enterocytes in a
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competitive manner — indicating their shared upta&@dMT1 in the fish intestine (Kwongt al,
2010). In addition, treatment with a Fe-deficieigt has been found to increase the intestinal
DMT1 expression as well as Cd accumulation, botfish and mammals (Parst al, 2002;
Cooperet al, 2006b). Similarly, exposure to a Fe-enriched tet been shown to reduce Cd-
burden in target organs including the gastroimes{\Wtostowskiet al, 2003; Kwonget al,
2011).

Recent molecular evidence from mammalian systeras baggested that luminal €d
uptake can also occwia the Zrf* transporters, the ZIP family of transporters (eZjP8)
(Girijashankeret al, 2008). These transporters are expressed predotiyinan the apical
membrane of enterocytes, and are believed to betitunally dependent on the extracellular
bicarbonate (HC@) concentration (a ZVHCO; symporter) (Heet al, 2006; Liuet al, 2008).
The mammalian homologues of the ZIP family of tporgers are known to be expressed in the
teleost gut (Feenegt al, 2005; Qiuet al, 2005). However, the current knowledge on their
possible role in Cd absorption remains inconclushk@ example, Ojo and Wood (2008) and
Klinck and Wood (2011) demonstrated thaf Cabsorption can be inhibited by Zrin rainbow
trout (Oncorhynchus mykissntestine, providing circumstantial evidence opaential shared
uptake mechanism for &dand ZA*. In contrast, Gloveet al. (2004) reported that Gtidoes
not compete with Z# for uptake at the brush border membrane vesialepaped from trout
intestine. Clearly, further study is required tonganore precise insights into the mechanism of

Cd and Zn interactions in the fish intestine.

Moreover, in the gut lumen Cd may form sulphur-cggaites with low molecular weight
thiols such as cysteine, and it has been propokatl these conjugates act as molecular

homologues which can be transported by specifiospart proteins for amino acids or
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oligopeptides (Zalups and Ahmad, 2003). Jumaetial. (2001) has suggested that Cd bound to
thiol-containing peptides (e.g., glutathione) is@aibedvia transport pathways that differ from
those involved in the absorption of inorganic Cdaies (e.g., Cd). To date, the effects of thiols
on intestinal Cd absorption have rarely been ingattd in fish (Zhang and Wang, 2007), and
the evidence of bioavailability of any thiol-conptgd Cd species has not been reported.

In general, it appears that intestinal Cd transpw@y occuwia multiple pathways in fish;
however the physiological characteristics of thdgéerent pathways are poorly understood.
The present study used freshly isolated enterodybes a freshwater teleost, rainbow trout, to
investigate the mechanisms of apical uptake andldi@sal extrusion of Cd in the intestinal
epithelium. The isolated enterocytes provide a mphgsiologically relevant experimental
system than cultured cell lines, and allow us tarabterize intestinal metal transport free of
luminal and systemic interferences. We have regerstéd this system to characterize the kinetic
and pharmacological properties of Fe transporhételeost intestine (Kwongt al, 2010). The
objectives of the present study were five-fold: tb) determine the time and concentration
dependent profile of Cd uptake; (ii) to evaluate thieractive effects of extracellular Cazn?*
and F&" on the kinetics of Cd uptake; (iii) to examine tiéects of C& channel blockers,
HCOs, pH and ATPase activity on Cd uptake; (iv) to istgate the effects of Cd-cysteine
complexation on Cd uptake and the potential excserf a specific transport mechanism for Cd-
cysteine conjugate; and (v) to examine the rolaTPase activity in the basolateral extrusion of

Cd.

5.2. Materials and methods

5.2.1. Experimental Fish
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The freshwater rainbow trou®@corhynchus mykiss-1.0 kg wet weight) were obtained from
Lucky Lake fish farm, SK, Canada. Fish were acdeddor at least 4 weeks in the laboratory
condition and supplied with aerated, dechlorinateder [hardness 157 mg/L, alkalinity 109

mg/L (both as CaCO3), pH 8:18.2, dissolved organic carbon (DOC) 2.2 mg/L, Felmg/L, Zn

3.2 ug/L and Cd <0.1 pg/L] in a flow-through systefhe water temperature was maintained at
15°C and photoperiod mimicked natural conditions. Rigire fed Martin’s commercial dried

pellet feed (5-pt.; Martin Mills Inc., Elmira, ONGanada) at a daily ration of 2% wet body mass.
The measured metal concentrations in the feed er&20, Zn 167, Cu 32, Ni 4, Cd 0.07 and

Pb 0.1 (all in mg/kg).

5.2.2. Isolation of enterocytes

Enterocytes from rainbow trout intestine were itedaas described by Kworgg al. (2010), with
slight modifications. Briefly, fish were euthanizading MS-222 and bled to remove blood. The
whole intestinal tract was dissected out and teansfl to an ice-cold physiological saline
[Modified Cortland Saline: NaCl 133, KCI 5, CaCl, MgSQ 1.9, glucose 5.5 (all in mM)
(Wolf, 1963), buffered with 10 mM Hepes, pH 7.4]h€rl intestinal tract was cut open
longitudinally, rinsed several times with the salimntil the saline became almost clear.
Subsequently, the intestine was transferred tomlO€itrate buffer [NaCl 96, KCI 1.5, KHPO, 8,
NaHPO, 5.6, Na-Citrate 27 (all in mM), pH 7.4] and shaked5 min. The intestine was then
removed from the buffer, blotted lightly with Kimpes, and transferred to 100 ml isolation
buffer [NaCl 154, NgHPO, 10, EDTA 2, dithiothreitol 2, glucose 5.5 (allnmM), pH 7.4]. The

buffer was gently pipetted for 20 min. The intestimas removed from the isolation buffer and
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the loose mucosal epithelial cells were gentlyemiftd from the tissue layer using a cell scraper
and transferred to the same isolation buffer. Thunped cells were dispersed by pipetting
gently, and the suspension was filtevéala 230 pum mesh [Cell dissociation sieve (CD-1)hwit
60 mesh screen (S1020); Sigma, USA]. The filterdtistispension was centrifuged at 600 g for
4 min at 4C. The cell pellet was resuspended and washedS3titmes with 50 ml modified
Cortland saline by centrifugation at 60@yor 4 min at 4C. Subsequently, the cell pellet was
resuspended with the modified Cortland saline ahdréd via a 70 um mesh (BD Falcon,
Canada). The entire isolation procedure was peddrion ice, and all the salines used were
stirred vigorously for at least 30 min and storédi before use. The purity of enterocytes
suspension was checked under a light microscope,tla@ cell viability and density were
checked using a trypan blue exclusion method andawomated cell counter (Count®ss
Automated Cell Counter; Invitrogen, USA), respeelyv The cell suspensions enriched with >80%
enterocytes withviability >85% were used for experiments. Our preliatyn experiments
showed that theiability of enterocytes remained >85% for about 3 risoafter isolation (data
not shown), and all the experiments described is gtudy were completed within 2-2.5 hours.
The cells were appropriately diluted to 1 > tells / ml with the modified Cortland saline, and
subsamples were saved and stored &G 26r protein measurement. The cells were incubated
15°C for 30 min prior to their use in any experimem{B.the experiments described below were

performed using the modified Cortland saline.

5.2.3. Experimental approach

The uptake of Cd in isolated enterocytes was detechusing a radiotracer approach (as

199CcdCl; PerkinElmer Life Science, USA) similar to the tmed described by Kwongt al.
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(2010). In brief, 400 pl of cells (1 x 4@ell / ml) was transferred to a microfuge tubed &me
uptake of Cd was initiated by adding an approp@aeunt of Cd from the stock solution (CéCl
radiolabeled with**®Cd, 0.03 mCi/ml). The total Cd concentration of Steck solution was
verified by graphite furnace atomic absorption $qmenetry (Analyst 800, PerkinElmer, USA).
The exposure tube was gently inverted several timesisure thorough mixing. To terminate the
uptake of Cd, 600 pul of ice-cold washing saline @\fied Cortland saline plus 2 mM EDTA, pH
7.4) was added and mixed gently. The cells wera tentrifuged at 1000 g for 1 min and
supernatant was removed. The cells were washedr@ tinees with 1 ml of the washing saline.
Subsequently, the radioactivity 61°Cd in the cell pellet was counted on a gamma counte
(Wallac 1480 Wizard 3”; PerkinElmer Life ScienceSA). Each experiment was performed at
least five times with cell preparations from aniundual fish at each time, and 3 — 5 replicates
and simultaneous controls were included for eagleement. The cell viability was not affected

by any of the experimental treatments used ingtudy (data not shown).

5.2.4. Time and concentration-dependent cadmium upke

We first evaluated the cellular €duptake rate in a series of experiments with vayjiee Cd"
concentrations (0.08 — 3.04 pM ¥ and exposure time (1 — 30 min). The free?Cd
concentrations in the saline were calculated uSisgial MINTEQ (version 3.0) (Gustafsson,
2010). The saline Cd concentrations in subsequeatments are also expressed as the fréé Cd
concentrations, unless stated otherwise. We obséhat the cellular CGd accumulation reaches

a steady state at 10 min (see results), an&théthe substrate concentration at which the rate of
uptake is half of thelna (maximum rate of uptake)] for €d uptake at 10 min was

approximately 0.84 uM. Therefore, the subsequepéements examining the effects of various

111



treatments on cellular Guptake were performed at this condition (0.84 p#t‘an saline, for

10 min), except where mentioned otherwise.
5.2.5. Effects of calcium, zinc and ferrous iron owellular cadmium uptake

The possible inhibitory effects of €aas CaGl 0 — 50 mM), ZA*(as ZnC; 1 — 100 pM) and
Fe?* (as Fe-ascorbate; 0 — 5 mM) on the uptake rafeld uM Cd* were examined for 10 min.
Since the modified Cortland saline contained 1mMCafCh, it was removed from the saline to
achieve C# free exposure condition (0 mM €n The F&' exposure saline was prepared
freshly by mixing FeGlwith ascorbate at a molar ratio of 1:2 for 30 rpior to experiment.
Since we did not observe any inhibitory effect<Caf* on Cd* uptake after 10 min of exposure,
we also examined the effect of 10 mM?Can Cd"* uptake over 20 and 30 min of exposure
periods. In addition, to evaluate the nature okrnattion (competitive or non-competitive)
between C# and A", and Cd" and Fé&", the kinetics of Ct uptake (0.08 — 3.04 pM &4 for

10 min) was examined in the presence of 10 uKf #n 2.5 mM Fé&". These concentrations of

Zn** and F&" were found to inhibit the uptake of 0.15 pM%Hy 50% (see results).

5.2.6. Effects of calcium channel blockers, pH andTPase inhibitor on cellular cadmium

uptake

To examine the potential involvement of “Cahannels in Cd uptake, the effects of two
different C&" channel blockers, verapamil (a voltage-gated type C&" channel blocker) and
lanthanum (a non-voltage-gated*Cahannel blocker) (Sigma-Aldrich, USA), on Cdiptake

were examined. The cells were exposed to 10 uMOrdM of verapamil or lanthanum for 20

min prior to the examination of Gtuptake rate. To examine the effect of pH orf‘Grptake,
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the cells were resuspended in saline with pH 6.4,(Gontrol) and 8.2 prior to the addition of
radiolabeled Cd. The pH of the saline was modifigdhe addition of either 5N HN{»r NaOH.
The effect of ATPase activity on Eduptake was evaluated by pre-exposing the cellOtor
100 pM sodium orthovanadate (a competitive inhitafoATPase) (Sigma-Aldrich, USA) for 20

min.

5.2.7. Effects of bicarbonate on cellular cadmium ptake

To evaluate the effects of bicarbonate (HG©n Cd* uptake, the rate of uptake was measured
in the presence of varying HGCOconcentrations (0 — 10 mM sodium bicarbonate)slige
prepared HC®@ solution was added to the exposure saline, anevasiadjusted to 7.4 prior to
the experiments. Since we found a significant iaseein C8" uptake rate at 10 mM HGO(see
results), we further evaluated the role of HCi®@ Cd®* uptake by pre-exposing the cells to a
HCO;s-transporter blocker, disodium 4diisothiocyanatostilbene-Z;8isulfonate (DIDS;

Sigma-Aldrich, USA) at 100 uM for 20 min.

5.2.8. Effects of cadmium-cysteine complexation arellular cadmium uptake

The influence of complexation of L-cysteine (Sigia+ich, USA) and Cd on cellular Cd
uptake was investigated. To achieve different Cstaipe complexes, a total Cd concentration of
5.5 uM (radiolabeled, equivalent to 0.84 pM freédd the saline) was mixed with different
concentrations of L-cysteine (0 — 550 uM cysteiiog)30 min prior to any uptake experiments.
The cysteine solution was prepared freshly befoeeskperiment. The effect of L-cysteine on Cd
speciation in the saline was evaluated by incotpayahe conditional formation constants (log
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K) for 6 possible Cd-cysteine complexes (Celeaal, 1985) into the Visual MINTEQ. These 6
Cd-cysteine complexes and their respective formationstants are: Cd(Cys)0.3, Cd(Cys)
16.92, Cd(Cys) 19.78, CdH(Cys) 24.97, CdH(Cys) 29.21, and CdKCys)>* 30.93. The
percentage of different Cd-cysteine species iretposure media at different total Cd to cysteine
ratios are summarized in Table 1. Since Cd(Cys)mplex appeared to be bioavailable to
enterocytes (see results), experiments were debsignexamine the concentration-dependent
uptake of Cd(Cys) Exposure media with different concentrations d{@ys) were prepared by
mixing radiolabeled Cd and L-cysteine at a molamoraf 1:1 (total Cd to cysteine) [74.3%
existed as Cd(CyS)at this condition; see Table 1], and the rate @futar Cd uptake was

measured as described previously.

5.2.9. Temporal profile of cellular cadmium effluxand the effects of ATPase inhibitor

To examine the kinetic and pharmacological charesties of Cd efflux, the enterocytes were
first incubated with radiolabeled €d0.84 uM) in a 50 ml centrifuge tube for 30 mimeTcells
were then washed (with modified Cortland salines@@umM EDTA, pH 7.4) by centrifugation
(600 g for 4 min at «C). The supernatant was removed and the cells restespended in a Cd-
free modified Cortland saline. 400 pl of cell susgiens (1 x 1Bcells / ml) were transferred to
each microfuge tube, and subsamples were coll¢otedaluate the initial Cd accumulation in
the cells (time zero). The cells were maintained3€ during the efflux, and cell pellets were
collected by centrifugation (1000 g for 1 min) atl®, 20, 30 and 60 min for the estimation of
the amount of accumulated Cd retained by the cedlative to time zero. To evaluate the
possible involvement of ATPase activity in Cd estam, the efflux experiment was performed

in the presence of 10 uM sodium orthovanadatedrsétine.
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5.2.10. Calculations and statistical analysis

The amount of Cd in the enterocytes was calculbtedividing the'®°Cd radioactivity (in cpm:;
counts per minute) in the cells by the measuredipectivity of Cd in the exposure media
[1Cd counts divided by total Cd (pmol)]. All the cerfitting and statistical analyses were
performed using GraphPad Pri8ntversion 5.0; GraphPad Software, San Diego Califor
USA). The data were presented as the me&&M, and were expressed as either thé" Cd
uptake rate [pmol CGd(mg protein X min)] or Cd accumulation (pmol Cd/mg protein). The

protein content of the cells was determined usipgodein assay kit (Total Protein Kit, TP0300;
Sigma, USA). The uptake kinetics of €dand Cd(Cys) [at 0 — 7.4 uM Cd(Cy%) were

analyzed using the Michaelis-Menten equation:
Jin = Imax X [X] 1 ([X] + K) 1».

whereJ;, is the C4" or Cd(Cys] uptake rate, [X] is the free €dor Cd(Cysj concentration in
the exposure salindyax is the maximum uptake rate, alig is the concentration of free €dor
Cd(Cys]J that resulted in half-maximal uptake rate. Theakptkinetics of Cd(Cy$)t 7.4 — 22.2

MM was analyzed by the linear regression.

The 50% inhibition (IGy) of 0.15 pM Cd" uptake by ZA" and F&" were calculated using

the log(dose) response curves with the Hill equation:

Jin = min + (max— min) / [1 + 1(§Iog(|C50)-[X] X (Hill coefficient))] (5'2)

where min and max represented the lowest and gesi C4" uptake rates, respectively.
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The statistical differences between any treatmeoumgs were analyzed either by an
unpaired Student'stests (two tailed) or by a one-way analysis ofarace (ANOVA) followed
by a post-hoc least significant difference (LSDytté&xcept for the experiments with Hg@nd
DIDS (HCOs and DIDS treatments as two independent varialdes) the Cd efflux study
(efflux time and orthovanadate treatments as twdependent variables), where a two-way
ANOVA was employed, followed by the LSD test.. Rifénces were considered significanp at

< 0.05.

5.3. Results
5.3.1. Cadmium speciation in different experimentatonditions using Visual MINTEQ

The Cd speciation in the exposure media is sumexhiiz Table 5.1. In the absence of cysteine,
approximately 15.2% of the total Cd existed as foee(Cd™), while 64.6% and 19.6% existed
as CdCl and CdClag, respectively. The presence of cysteine marketiignged the Cd
speciation profile in the exposure saline. At tb&lt Cd to cysteine ratio of 1:1, the major
fraction of the total Cd (74%) existed as Cd(Cyhpwever CdH(Cys)became the predominant
species when the total Cd to cysteine ratio ine@ds 1:10 or 1:100. The addition of CaCl
ZnCl, or Fe-ascorbate as well as the alteration of pB-862) did not affect the Cd speciation
profile in the exposure saline, except a margiadliction (2%) of free Cdlevel in the presence
of 50 mM CaC} (data not shown). However, at 10 mM HE@Imost all the Cd was complexed

with HCOs (100%).
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Table 5.1: The influence of cadmium (Cd) and L-eyst complexation at
concentration ratios on Cd speciation profile ia thodified Cortland saline.

Major Cd species Ratio of total Cd to L-cysteine

1:0 1:0.5 1:1 1:10 1:100

Cd’ 15.2% 7.8% 2.0% - -
cdcr 64.6% 33.2% 8.4% - -
CdClhyag) 19.7% 10.1% 2.6% - -
Cd(CysJ - 473% 743% - -
Cd(Cys) - - 1.8% 4.9% -
CdH(Cys)" - 1.1% 10.7% 29.6% 3.3%
CdH(Cys} - - - 60.9% 90.5%
Cd(Cys) - - - 3.7% 5.6%

The Cd speciation was derived by Visual MINTEQ éi@n 3.0) (Gustafsson, 2010)
listed are those existed more than 1% of the théslolved metal in the saline.
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5.3.2. Time and concentration-dependent of cadmiumptake

The accumulation of Gd in isolated enterocytes increased with increasixgpsure time, and
appeared to reach a steady state at 10 min with @e¢ exposure concentration tested (Figure
5.1a). The concentration-dependent cellular uptake Cd** uptake exhibited saturable
Michaelis—Menten kinetics {r= 0.95) (Figure 5.1b). ThK, andJm.x values for C&" uptake

were found to be 0.86+0.13 uM and 3.7£0.5 pmol/munprotein, respectively.

5.3.3. Effects of calcium, zinc and ferrous iron ocadmium uptake

The uptake of 0.15 pM Gtwas not significantly affected by extracellular’Cé — 50 mM)
(Figure 5.2a), even after a longer exposure tinfen(®) at 10 mM C& (data not shown). In
contrast, the uptake of €dwas inhibited by extracellular Zhand Fé* (Figure 5.2b and 5.2c),

and the 1G for Zn** and Fé*" was 9.8+1.1 uM and 2.6+1.3 mM, respectively.
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Figure 5.1:(a) The time-dependent accumulation of cadmium (Cdijsalated rainbow trout
enterocytes exposed to different free?Crbncentrations(b) The concentration-dependent®d
uptake rate in isolated enterocytes exposed to-0.8®4 puM free Cd. The data were plotted
using the Michaelis—Menten equation. Values aremmeaSEM ( = 6-10).
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Figure 5.2: The effects of increasing extracell{lr calcium (C&"), (b) zinc (zrf"), and(c)
ferrous iron (F&) on the uptake rate of 0.15 pM free cadmium?{Cth isolated rainbow trout
enterocytes. The rate of Eduptake in different treatments is expressed asepéage (%)
relative to the control (Cd alone). Different letters represent a significdifterence (One-way
ANOVA followed by a post-hoc LSD tegh;< 0.05). Values are means + SENV~ 6).
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5.3.4. Kinetic analysis of zinc/cadmium and ferrougon/cadmium interactions

The presence of 10 pM Zhor 2.5 mM F&" significantly reduced the rate of cellular €d
uptake up to 0.38 uM Gtin the exposure media (Figure 5.3). The concdotratependent
uptake of C8" (0 — 3.04 puM) followed Michaelis—Menten kinetias the presence of 10 pM
Zn** and 2.5 mM F& (r* = 0.97-0.98). The appareid, of Cd* uptake (0.86+0.13 pM)
increased significantly in the presence of Zin: 1.93+0.56 pM) and Bé& (Kn: 1.69+0.26 uM)
(p = 0.01 — 0.03). However, the apparénx of Cd®* uptake (3.7+0.5 pmol/mg protein/min) was
not significantly affected by the presence of Z@ma: 4.1+0.6 pmol/mg protein/min) and ¥e

(Imax 4.0+0.7 pmol/mg protein/min).

5.3.5. Effects of calcium channel blockers, pH andiTPase inhibitor on cellular cadmium

uptake

Pre-exposure to verapamil or lanthanum did nothikiany effects on the cellular €duptake
rate (Figure 5.4a). The rate of Cdiptake at pH 6.0 and 7.4 was not statisticallfedint ¢ =
0.09). However, the uptake rate at pH 8.2 was Sogmtly higher than that at pH 6.0 and 74 (
< 0.005) (Figure 5.4b). Pre-exposure to either Q@ pM orthovanadate did not affect the

cellular Cd* uptake rate (Figure 5.4c).
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Figure 5.3: The effects of 10 uM zinc Znor 2.5 mM ferrous iron (F&) on the free cadmium
(Cd?") uptake rate at different €dconcentrations in isolated rainbow trout enteresyControl
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the same Cd exposure concentration (One-way ANOVA followed &ypost-hoc LSD test;
p < 0.05). Values are means + SEMA 6-10).
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Figure 5.4: The effects ) calcium (C&") channels blockers, verapamil and lanthanum (10
uM and 100 pM),(b) varying pH [6.0, 7.4 (control), and 8.2], afc) an ATPase inhibitor
orthovanadate (10 uM and 100 pM), on the uptake 0&t0.84 pM free cadmium (€q in
isolated rainbow trout enterocytes. The rate of Cgbtake in different treatments is expressed as
percentage (%) relative to the control. Bars lagkilith different letters represent a significant
difference (One-way ANOVA followed by a post-hoc Sest; p<0.05). No statistical
difference was recorded for the treatments df @hannels blockers and orthovanadate. Values

are means = SEMi(= 5).
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5.3.6. Effects of bicarbonate and DIDS on cellulatadmium uptake

A significant increase~25%) in the rate of cellular Gtuptake was recorded at 10 mM HEO
relative to the control (0 mM HC (Figure 5.5). Pre-exposure to DIDS significarguced
the rate of Ctl uptake both in the presence and absence of H(G< 0.005), although the
uptake rate remained significantly elevated in fhhesence of HC® Two-way ANOVA

revealed no significant interaction between HC&nd DIDS p = 0.5).

5.3.7. Effects of L-cysteine on cellular cadmium wupke and the uptake kinetics of admium-

cysteine complex

A significant reduction in the rate of cellular Qdtake was observed when the ratio of total Cd
to cysteine was at 1:10 or highgr £ 0.001-0.03). However, the uptake rate was nieictdd
when the ratio of total Cd to cysteine was 1:1 elow (Figure 5.6a). The rate of cellular Cd
uptake as a function of Cd(Cysjoncentration in the exposure saline showed aerdration
dependent increase (Figure 5.6b). The kinetic amahevealed a biphasic uptake of Cd(Cys)
At < 7.4 uM Cd(Cys), the uptake was characterized by a saturable Mishdlenten kinetics
(r> = 0.99), with theKy, andJnax values of 1.54+0.19 pM and 2.11+0.09 pmol/mg pndiein,
respectively. Thé&, value of Cd(Cys) uptake was significantly higher than that of f@e**
uptake (0.86£0.13 uM)p(< 0.01), whereas no statistical difference wasnded between the
Jmax Values. The uptake of Cd(Cysjt the exposure concentration range of 7.4 — gR2vas

characterized by the linear kineticé £0.99).
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Figure 5.5: The effects of 10 mM bicarbonate (H3®@n the uptake rate of 0.84 uM free
cadmium (Cd" in isolated rainbow trout enterocytes, both ie firesence and absence of an
anion transport blocker, 4,4'-diisothiocyano-2iflbenedisulfonic acid (DIDS; 100 uM). The
rate of Cd" uptake is expressed as percentage (%) relatitreetoontrol (No HC@ and DIDS
added). Bars labelled with different letters représa significant difference (Two-way ANOVA
with HCO; and DIDS treatments as two independent variafidleyed by a post-hoc LSD test;
p <0.05). Values are means + SENMA5).
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Figure 5.6:(a) The relative uptake rate (% relative to contrdl)0c84 uM Cd* in isolated
enterocytes, at different molar ratio of total QG lt-cysteine in the exposure medium. The
concentrations (% of total Cd) of different cysteitonjugated Cd species are summarized in
Table 1. Bars labelled with different letters regmet a significant difference among the
treatment groups (One-way ANOVA followed by a LS#3tip < 0.05).(b) The concentration-
dependent uptake of Cd(Cys$) isolated fish enterocytes. At 0 - 7.4 uM Cd(Cythe data were
plotted using the Michaelis—Menten equation; at72R.2 pM Cd(Cys) the data were plotted

using the linear regression. Values are means + SGEMb).
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5.3.8. Temporal profile of cellular cadmium effluxand the effects of orthovanadate

Two-way ANOVA revealed a significant interactiontWween efflux time and orthovanadate
treatment |§ < 0.001). After 60 min efflux, approximately 40%da20% of accumulated Cd in
the enterocytes was lost in the absence (contral) mmesence of orthovanadate, respectively,
when compared to 0 mimp (< 0.001) (Figure 5.7). However, the amount of €thined in the
cells exposed to orthovanadate was significantghds than that of the control after 60 min
efflux (p < 0.001). No significant effect of orthovanadate@d efflux was recorded after 5, 10,

20 and 30 min of efflux (data not shown).
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Figure 5.7: The percentage of accumulated cadmi@ua) (retained by the isolated fish
enterocytes in the absence (control) and presdrae ATPase inhibitor, orthovanadate (10 uM),
in the saline at 0 and 60 min of efflux. Bars laelwith different letters represent a significant
difference among the treatment groups and acr@ssfttux time (Two-way ANOVA followed
by a LSD testp < 0.05). Values are means + SEIVH 6).
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5.4. Discussion

In the present study, we have provided evidence @shuptake in fish enterocytes can
occur through multiple pathways. We have demoredr#tiat both Fé and ZiA* inhibit cellular
Cd?* uptake by competitive inhibition - indicating aaskd apical uptake pathway for Cavith
Fe* and A", likely via DMT1. The increase in Gtluptake in the presence of HE®uggests
that the ZIP transporters (e.g., ZIP8, &'AdCO; symporter) may also be involved in ¢d
uptake. In addition, we have demonstrated for trst fime that a specific transport pathway
probably exists for the absorption of Cd-cysteinemplex(es), and Cd extrusion from

enterocytes likely occuria ATP-coupled transport mechanisms.

In our study, we observed that Cdiptake in isolated fish enterocytes is a saturdtigh-
affinity transport proces¥(, = 0.86 pM). The high affinity transport system @uf* uptake has
also been described in the mammalian enterocytéanoelel, Caco-2 cellsK, = 1.1 uM)
(Elisma and Jumarie, 2001). Interestingly, we fotimat up to five orders of magnitude higher
extracellular C# relative to C&" did not have any effect on the cellular’Cdptake. In addition,
both verapamil (a voltage-gated*Cahannel blocker) and lanthanum (a voltage-insieesi&*
channel blocker) did not produce any significarduetion in Cd* uptake. Calcium transport
pathways have been suggested to play an insignificale in intestinal Cd absorption in
mammals (Thévenod, 2010). In freshwater fish, i Ieen suggested that “Cdransport
pathways are important in the gastric uptake of'Odhereas the intestinal uptake of’Cés
primarily mediated by CGa-insensitive pathways (Frankliel al. 2005; Ojo and Wood, 2008;
Klinck et al. 2009). Usingin vitro intestinal sac preparations, Klinck and Wood (90h4ve
recently shown that the &dabsorption into the blood space (Cd that had tee¢muded from

enterocytes into the muscle layer and the serasd) fwas reduced by luminal €a They have
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also reported that Gt absorption in the mucosal epithelium (enterocyses) blood space of
the mid and posterior intestines was inhibited d&ythanum but not by varapamil, although no
comparable effect of lanthanum on’Cabsorption was observed in any intestinal compamts
Moreover, the expression of voltage-insensitivé"@hannels in the fish intestine is much lower
relative to that in the gills (Shahsavaratial, 2006), where these channels are suggested to be
the primary route of apical Gtuptake (Verboset al, 1987; Verboset al, 1989). Klinck and
Wood (2011) reported that the €dabsorption in the mucosal epithelium of the mitestine
was also sensitive to nifedepine (an inhibitor tife dihydropyridine subclass of L-type Ca
channel), but the permeability of €ahrough L-type C& channels is known to be extremely
low relative to that of Cd (Tsienet al, 1987). Nevertheless, it has been shown thatdelitdar

Cd inhibits the basolateral €aATPase activity in the fish intestine (Schoenmaletral, 1992),
and in the present study we found that Cd efflaxnfrenterocytes was significantly reduced by
an ATPase inhibitor (discussed below) — indicatihg basolateral membrane of enterocytes
might be the main site of €dand C&" interaction. Based on the information discusseae,hie

is reasonable to suggest that the interactionrofal Cd* and C4" has a marginal significance,

if any, on apical Cti absoprtion in the intestinal epithelium of fish.

Recent molecular evidence has suggested that iBdy be absorbed in the mammalian
intestine through the ZIP family of Zhtransporters (e.g., ZIP8) (Girijashanleral, 2008).
Although the interactive effects between luminafCahd Z&* have been documented in fish,
the precise mechanism(s) of such interactions msriaconclusive. Glovest al. (2004) reported
that Cd" does not affect apical Zh uptake in brush-border membrane vesicles of trout
enterocytes. In contrast, Ojo and Wood (2008) skiotvat Cd* uptake can be inhibited by Zn

in the mucosal epithelium of trout intestine ande versa The present study demonstrated a
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somewhat dose-dependent inhibitory effect of'Zm Cd* uptake in enterocytes, and the kinetic
analysis revealed a competitive interaction betvtbertwo metal ions since the presence d&f Zn
increased th&,, of Cd** uptake without any change in tfg.. These results strongly suggest
that the apical uptake of €dand Zf* occurs through the same transport pathway. Sirtyifze

of Cdf* and Zii* competition was also reported in the brush bordembrane vesicles prepared
from the pig intestine (Tacnet al, 1990). The interactions of €dand Zif* in the fish gill is
known to occuwia the shared Gatransport pathway (Hogstramd al, 1994; Wicklund Glynn,
2001), which is evidently not the case in the pneséudy since G4 did not have any effect on
Cd?* uptake in the enterocytes. The competitive intevacof Cd* and Zii* observed in our
study is possibly a result of their shared uptaieethe ZIP family of ZA" transporters. The
expression of ZIP homologues has been reportdtkiteleost gut (Feen&y al, 2005; Qiuet al,
2005), although their functional properties havet heen investigated. Mammalian ZIP
transporters are known to function asZHCO; symporter, and can be effectively blocked by
DIDS (Heet al, 2006; Girijashankeet al, 2008). Similarly, we observed that increased HCO
concentration in the exposure media significantijnslated Cd" uptake, and pre-exposure to
DIDS reduced Cd uptake by ~ 60% in the enterocytes, with or withelevated HC@. We
therefore postulate that a major fraction of intestCd* absorption in freshwater fish occuin
the Zrf* transport systems, likely the ZIP family of traosprs (e.g., ZIP8). It is important to
note here that although our Cd speciation estimaiiol0 mM HC@ revealed no free Gtlin
the exposure media, it was probably not a trueecgtin of the actual experimental condition.
This is because Visual MINTEQ operates on the bafss chemical equilibrium, whereas our
experimental condition was not in equilibrium sirthe Cd* was freshly added to the exposure

media to initiate the uptake studies.
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Several previous studies have suggested that testimal uptake of Cd, both in
mammals and fish, can occua the apical F& transporter, DMT1 (Elisma and Jumarie, 2001;
Park et al, 2002; Bannoret al, 2003; Kwonget al, 2010). We have recently shown that
elevated dietary iron reduces chronic dietary cadmaccumulation in the gastro-intestinal
tissue of fish - indicating the physiological imprce of the intestinal Fe absorption pathways
in dietary Cd accumulation (Kworgg al, 2011). The present study also demonstrated #fat F
like Zn?*, inhibited Cd" uptake in the enterocytes through competitive rimtion. This
complements our previous observation that*Gmbmpetitively inhibits F& uptake in trout
enterocytes (Kwongt al, 2010), further corroborating the notion that?Cdnd Fé" share a
common apical uptake mechanism in the intestinghejpum of fish. The inhibitory effect of
Fe* on Cd* uptake has also been observed in Caco-2 cellsthenidhibition constant<}) was
reported to be in the micromolar range (Elisma aumaharie, 2001). However, the present study
suggested that millimolar concentrations of ‘Fare required to significantly reduce Cdiptake
in trout enterocytes, which is in accordance witin previous finding that Gd has a relatively
weak affinity to the F& transport pathway in trout enterocytes (Kwosigal, 2010). The
apparent contradiction between the observationlisfa and Jumarie (2001) and our finding is
likely due to the difference in the expression leseDMT1 and/or its C&" transport function
between the two cell types. Similar differences evatso observed between freshly isolated
human enterocytes and other mammalian cell modéls negards to the inhibitory effect of
Mn®* on Fé" transport (Goddaret al, 1997; Garricket al, 2003). On the other hand, our
previous investigations have indicated that thespart efficiency of F& via DMT1 in the fish
intestine is reduced at alkaline pH (>8.0) (Kwomg &liyogi, 2008; Kwonget al, 2010). In the

present study however, we found that the uptak@df in the enterocytes increased at alkaline
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pH (8.2) relative to that at the acidic to circueutral range (6.0 — 7.4). Considering DMT1 is
not the only transporter that mediates Qaptake, it is possible that when the function MTL

is not optimal, C&' is transported into the enterocytes by other prarters which operate
efficiently at the alkaline pH. For example, théiaéncy of Zrf* transportvia ZIP transporters
was shown to increase with increasing pH @ieal, 2006). In the rat intestinal brush border
membrane vesicles, Cd absorption was found to &serat alkaline pH (Endet al, 2000). Endo

et al. (2000) proposed that at high extracellutdr " might be transported across the brush
border membraneia a Cd*/H" antiport On the other hand, we observed that*Zras a higher
affinity than Fé" for the Cd" transport systems in fish enterocytes (the f6r F&* was about
260 fold higher than Z7). It is also important to note that in additionf&* and Cd*, DMT1 is
also known to mediate the transport of severalrahelent metals including Zf (Gunshinet

al., 1997; Garricket al, 2006; Mackenzieet al, 2006). However, Cd was shown to have a
greater affinity for DMT1 than Z in the fish intestine (Kwong and Niyogi, 2009).€Fafore,
DMT1 was probably not the major site of interactimtween Ctf and Zri* in the present study.
Overall, it is apparent that both Zrand Fé&" transport pathways play a significant role in the

absorption of Ctl in the intestinal epithelium of fish.

It has been proposed that ¢dnay form stable S-conjugates with cysteine in goe
lumen, and Cd-cysteine conjugates serve as molebtliaologues of some amino acids or
peptides for amino acid or peptide transportersuf&®and Ahmad, 2003). However, the effects
of cysteine on intestinal Gtuptake and the presence of a specific transpochamésm for Cd-
cysteine conjugate(s) have not been fully elucilaihang and Wang (2007) reported that 50
M cysteine reduces the accumulation of 0.1 pM'@dthe mucosal epithelium of the marine

fish Acanthopagrus schlegelin the present study, we observed that the efiécysteine on

133



Cd®* uptake in trout enterocytes was largely dependentd-cysteine speciation. For example,
the uptake of Cd was not affected, relative to thahe control (uptake of only inorganic free
Cd?), when Cd existed predominantly as Cd(Cys) indicating that Cd(Cy%)is readily
bioavailable to enterocytes. In contrast, a sigaiit reduction of Cd uptake was observed when
Cd existed primarily as CdH(Cy$)and CdH(Cys) Interestingly, even when there was no free
Cd?* or Cd(Cys) in the exposure media, Cd uptake only decreasetDi0% relative to that in
the control, suggesting that Cd-cysteine conjughtether than Cd(Cys)may also be
bioavailable to the enterocytes. Under exposurelitons where the concentration of free?Cd
was kept constant (2%), Cd uptake in the enteradyiereased with increasing concentrations of
Cd(CysJ. Kinetic analysis clearly revealed that the apigatbke of Cd(Cys)occurred through a
biphasic transport mechanism. At low Cd(Cysjoncentrations, Cd(Cys)uptake was
characterized by a saturable Michaelis-Menten lagegsuggesting the involvement of a specific
transport mechanism. The specific uptake of Cd(Cws)s possibly mediated by the amino acid
(cysteine) transporter (Zalups and Ahmad, 2003préstingly, the affinity of Cd(Cy$)uptake
was about two fold lower than that of free’Cdptake. Similar observation was also reported in
Caco-2 cells, where the affinity for the uptakeanbther thiol conjugate, Cd- glutathione (GSH),
was about three fold lower than that of free*Qélisma and Jumarie, 2001; Jumaseieal,
2001). However, the linear uptake of Cd(Cyad high Cd(Cys) concentrations observed in the
present study suggested that the uptake of Cd{Gwsy also occur through a non-specific

diffusive process.

In the present study, we observed that Cd efflua remarkably slow process relative to
the Cd influx, as almost 60% of the accumulateds@itlremained in the enterocytes after 60

min of efflux. The ability of enterocytes to retadd would minimize the amount of Cd entering
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into the systemic circulation, thereby reducing libed of Cd transported to the target organs.
Previous studies have also shown that the majofit@d (~80%) accumulated by the fish was
confined in the intestinal tissues relative to oihgernal organs after chronic exposure to dietary
Cd (Ng and Wood, 2008; Kwongt al, 2011). Schoenmakers et al. (1992) reported that
intracellular Cd inhibits the basolateral W&'-ATPase and C&ATPase in the fish intestine;
however whether these transporters are actuallgived in Cd extrusion remain unknown. In
the mammalian systems, it has been reported tleatdtkivities of N¥K*-ATPase and C&
ATPase can be inhibited by a P-type ATPase inhibidathovanadate (Robinson and Mercer,
1981; Pick, 1982). In the present study, we dematest that Cd efflux from enterocytes was
significantly inhibited by orthovanadate, indicai@d extrusion occurred through an ATPase-
driven process, at least partially. The extrusiérCd is likely associated with the basolateral

Na'/K*-ATPase and/or G&ATPase (Schoenmakees al, 1992).

5.5. Conclusions

In conclusion, our results suggest that'Gsltaken upvia the Zrf* (ZIP transporters) and
Fe* (DMT1) transport pathways in fish enterocytes. Evice from the present study as well as
from other studies suggest that?Cdoes not directly interact with €aat the apical membrane
of enterocytes, but possibly interacts with?Cantracellularly and/or at the basolateral*Ca
transporters. In addition, we found that the efi@cCd-cysteine complexation on Cd uptake in
the enterocytes is largely dependent on Cd-cysteeeiation. Cd(CyS)appears to be rapidly
bioavailable and its uptake seems to occur thraulgiw affinity transport mechanism, which is
different from the high affinity transport mechamidor free inorganic Cd. Our study also

provides direct evidence that Cd extrusion from ¢h&rocytes is mediated by an ATP-driven
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process. Overall, our study provides new mechanissights into the intestinal Cd transport in

freshwater fish.
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CHAPTER 6: Effects of dietary cadmium exposure onissue-specific
cadmium accumulation, iron status and expression afon-handling and

stress-inducible genes in rainbow trout: Influencef elevated dietary iror?

6.1. Introduction

Cadmium (Cd) is a non-essential element and higitic to vertebrates including fish.
Fish can be exposed to @i both water and diet. In freshwater fish, the waaeme C4" is
taken up primarily by the branchial €aransport pathway (Holligt al, 2000; Niyogi and
Wood, 2004; Niyoget al, 2008), and the acute toxicity of waterborne Cdeagserally associated
with the impairment of active Gatransport by the competitive blockade of apical’@Channels
and/or selective inhibition of basolateral’GATPase transporters by €dn gill chloride cells
(Verbostet al, 1987; Verboset al, 1989). In contrast, the mechanisms of dietaryudke and
toxicity are not quite well characterized, althoughveral studies have demonstrated the
importance of diet in Cd accumulation and toxicity freshwater fish (Faragt al, 1994;
Szebedinszkyet al, 2001; Baldisserottet al, 2005; Chowdhuryet al, 2005; Ng and Wood,
2008; Nget al, 2009). Previous studies have suggested thatrgi€d absorption may occur
through the Ca (Schoenmakess al, 1992; Franklinet al, 2005; Nget al, 2009) and Fe
transport pathways (Coopet al, 2006b; Kwong and Niyogi, 2009; Kworej al, 2010) in fish

gut.

® This chapter has been published in Aquatic Torigpl102:1-9 (2011), under joint authorship
with Jose A. Andrés (University of Saskatchewarg 8om Niyogi (University of Saskatchewan)
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In mammals, the adverse effects of dietary Cd omE&abolism and homeostasis have
long been recognized (Schafer and Forth, 1985) aadfetsupplemented diet was found to reduce
Cd accumulation and toxicity (Wtostowsekt al, 2003). Free cadmium ion is absorbed in the
mammalian intestine through an apical iron?{JFéransporter, the divalent metal transporter-1
(DMT1, also known adlramp2 slcl11a3 (Parket al, 2002; Ryuet al, 2004; Kimet al, 2007).
The expression of a DMT1 homologue and its physjickl characteristics have been reported in
teleost gut (Coopest al, 2006b; Kwong and Niyogi, 2009; Kworgg al, 2010). It has also been
demonstrated that Cd inhibits intestinal Fe uptahke vice versa through competitive interaction
(Kwong and Niyogi, 2009; Kwongt al, 2010), and treatment with a Fe-deficient dieteases
intestinal DMT1 expression and uptake of Cd in fi€woperet al, 2006b). These observations
strongly indicate that the dietary Cd uptake medmann fish is similar to that in mammals, at
least in part. In addition, Cd is known to bindransferrin (Tf), the major circulating Fe-binding
protein, in fish (De Smett al, 2001a). Tf is synthesized in the liver and sectento the blood,
and plasma Tf level is an indicator of Fe statushm body. Cheret al. (2008) reported that
short-term acute waterborne cadmium exposure igesethe expression of Tf gene in fish liver
as well as plasma Tf level. All of these findingslicate that the interaction of dietary Fe and Cd
can have important implications for Fe homeostasisvell as Cd accumulation and toxicity in

fish.

Metallothioneins (MTs) are the primary Cd bindingdastorage proteins in vertebrates.
Several studies have demonstrated that chronicxpdsere,via both water and diet, induces
tissue-specific MT expression in fish (De Smeetal, 2001b; Holliset al, 2001; Langeet al,
2002; Chowdhuryet al, 2005). Genetic determinants of MTs have beematsdlfrom a number

of teleost fish belonging to a wide array of tagaad many fish species have been reported to
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possess at least two MT genes (MT-A and MT-B) iairttygenomes (Scudieret al, 2005).
Recent studies have suggested that MT-A may hawera important role in Cd detoxification
than MT-B in fish (Verganket al, 2007; Wuet al, 2008). However, this aspect needs further
investigation, particularly focusing on the expresgrofile of two MT genes in tissues (e.g., gut,

kidney, liver and gill) where cadmium is primardgcumulated in fish.

Heat shock proteins (HSPs) are representativesstiefense proteins that aid in the
proper folding and repair of proteins as well age#ing of proteins for degradation. The 70 kDa
subfamily of HSPs (HSP70) is highly conserved axsyla and induced in response to a wide
variety of environmental pollutants (Bierkens, 2p0Recent studies have reported induction of
HSP70 expression in fish embryo following brief egpre to acute waterborne Cd (Hallateal,
2005; Blechingeet al, 2007; Matz and Krone, 2007) — indicating its potitve role against Cd
toxicity. However, further investigations are regui to characterize the protective role of
HSP70 against Cd toxicity in fish, particularly shg an environmentally relevant Cd exposure
regime. Similar to MTs, the existence of at leasp HSP70 genes has been reported in fish
(HSP70a and HSP70b) (Ojined al, 2005). Hence, a goal of this work was to examihether

their tissue-specific expression profile differg@sponse to chronic Cd exposure.

The objectives of the present study were to ingagti (I) the effects of dietary Cd
exposure on Fe homeostasis, Cd accumulation amcifieation responses in fish, and (Il) to
examine how these variables were influenced byatéel dietary Fe. Juvenile rainbow trout
(Oncorhynchus mykisswere exposed chronically to four different enmmzentally relevant
dietary regimes of Fe and/or Cd, and the followamglpoints were analyzed: (i) physiological

parameters (condition factor, and gastro-intestama liver somatic index), (ii) tissue-specific Fe
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and Cd level, (iii) plasma Fe status and hepatidNdRRxpression of Tf, and (iv) tissue-specific

MRNA expression of MTs (MT-A and MT-B) and HSP76t5f70a and HSP70Db).

6.2. Materials and methods

6.2.1. Experimental fish

Juvenile rainbow troutd. mykiss-~. 10 g) were obtained from Lucky Lake fish farm,,SK
Canada. Fish were acclimated for 8 weeks in ther&bry with aerated, dechlorinated water
[hardness 157 mg/L, alkalinity 109 mg/L (both a<Csg), pH 8.1-8.2, dissolved organic carbon
(DOC) 2.2 mg/L, Fe 5.hg/L, Cd <0.1ug/L] in a flow-through system (1 L/min) and fed
Martin's commercial dried pellet (a daily rationlo6% wet body mass) (2-pt; Martin Mills Inc.,
ON, Canada). The water temperature was maintain@@ & and photoperiod was set at 16:8
light to dark cycle. Ten days prior to the begimnof the experiment, the fish were transferred to
a control freeze-dried brine shrimp diet (see belomdetails) at 1.5% daily ration (dry feed/wet

body weight).

6.2.2. Diet preparation

Diets were prepared using the brine shritagemia franciscangSally's Frozen Brine
Shrimp; San Francisco Bay Brand, USA), containir@)&crude protein, 0.6% crude fat, 0.25%
crude fiber (all on a wet wt basis). The shrimp et rinsed several times with deionized water
and then ground in a commercial blender. A knowmam of Fé* (as FeS@) and/or Cd" (as

CdClhL) (J.T. Baker, USA; dissolved in deionized wategswadded into the mix and blended for
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about 10 min to ensure homogenous mixing. The nas wept at —20 °C until frozen and was
subsequently dried in a freeze-drier (Labconco Zore, USA). The diets were then cut into
small pieces £ 0.3 cm) and stored at 4 °C until dde= control diet (normal Fe diet) was
prepared in the same fashion without the additidonFeSQ or CdC}h. The Fe and Cd
concentrations in the diets were analyzed by atcab®orption spectroscopy (see below for
details), and their concentrations and daily dosesfferent diets are presented in Table 6.1. The
four different diets used in the present study wdeatified as: normal Fe, high Fe, normal Fe
plus Cd, and high Fe plus Cd diets. The Fe lev&{280ug/g dry wt) in the normal Fe diets of
the present study was comparable to the dietarleved (100-25Qug/g dry wt) suggested for
normal physiological functioning in salmonids (Amslenet al, 1996). It should also be noted
here that no adverse physiological consequencee wegorted in rainbow trout following 4
weeks of treatment with a Fe-rich diet containingpraximately 2-fold higher Fe level
(1975ug/g dry wt) relative to the Fe-supplemented didéthe present study (800-1106/g dry

wt) (Carriquiribordeet al, 2004).
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Table 6.1: The measured iron (Fe) and cadmium ¢(Odrentrationsyg Fe or Cd/g feed dry
weight) in four different experimental diets, ame tassociated daily Fe and Cd dogesKe or
Cd/g fish wet weight/day) to fish.

Treatment Fe level Daily Fe dose Cd level Daily Cd dose
Normal Fe 279.1+£5.2 4.2 1.6+0.2 0.02
High Fe 1108.5+8.4 16.6 1.9+0.2 0.03
Normal Fe + Cd 260.8 +4.4 3.9 359+18 0.54
High Fe + Cd 823.1+220 123 385+0.5 0.58

Values are mean = SEM,= 10 for the Fe and Cd concentrations in the diets
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6.2.3. Experimental treatments and sampling

A total of 160 fish were divided equally into eigh80 L tanks (20 fish in each tank, 2
replicates per treatment). Each tank received ooatis aeration and water flow, and the water
flow-through rate was maintained at 8 L/min to ewstapid flushing of Fe or Cd potentially
leached from the diet. Nevertheless, water sanvpége collected from each treatment tank three
times a week 1 h post feeding for the measurenfeli¢ @and Cd (see below for details), and no
elevation of either metal in the exposure water wexorded at any time. Fecal matter was
removed daily from each tank. The fish were fechwidur different diets (see Table 6.1) at a
daily ration of 1.5% (dry feed/wet body weight)yidied equally into two rations per day. The
fish were weighed weekly and the food ration wapistdd accordingly. No fish mortality

occurred in any treatments during the exposure.

Initially, eight fish were randomly sampled on tiegy the experiment was started (day 0),
then 8 fish from each treatment (4 from each repéicwere sampled on days 14 and 28 for Fe
and Cd tissue concentration analysis (see belowdétails). The fish were sampled prior to
feeding and killed by an overdose of MS-222 (Syriddboratories Ltd., Canada). The weight
and length of individual fish were recorded. Blosminples were taken immediately by caudal
puncture (on days 0 and 28) with a 1-mL syringerpreed with heparin (Sigma—Aldrich, USA),
and centrifuged for 4 min at 10,000gxto collect plasma. The gill, stomach, intestineer,
kidney and carcass were dissected out. The stoaratimtestine were cut open, and rinsed with
deionized water to remove the undigested food ftbm lumen. Each tissue was weighed

individually and stored at —20 °C. Similarly, andé&@nal random sample of 8 fish on day O as
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well as 8 fish from each treatment (4 from eachicafe) on day 28 were sacrificed, and the gill,

liver, intestine and kidney collected for gene @gsion analysis (see below for details).

6.2.4. Measurement of iron and cadmium in water, @it and tissue

The water samples were acidified (1% Hil@nd analyzed for Fe and Cd concentrations
using flame and graphite-furnace atomic absorpspactroscopy, respectively (Analyst 800,
PerkinElmer, USA). The experimental diets and #ssamples were digested in 5 volumes of
1 N HNG; at 60 °C for 48 h, and then centrifuged at 150@0for 4 min (Kwong and Niyogi,
2009). The supernatant was collected and dilutgaogpiately with 0.2% HN@Q and analyzed
for Fe and Cd concentrations as described aboweqtiality control and assurance of Fe and Cd
analysis were maintained using appropriate mettarkb and certified standards for each metal
(Fisher Scientific, Canada), and were validatedhvaertified reference materials (DOLT-3;

National Research Council, Canada).

6.2.5. Plasma iron-binding assay

Plasma Fe status was evaluated by measuring tekedktotal Fe, unsaturated Fe binding
capacity (UIBC), total Fe binding capacity (TIB@nd Tf saturation (%) in the plasma. The Tf
saturation (%) reflected the percentage of Tf i phasma bound with Fe. Total Fe and UIBC
were measured colorimetrically at 560 nm in a nptate reader (Varioskan Flash, Thermo

Scientific, USA) using a commercial kit (Pointe &tific, USA). Subsequently, the total Fe and
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UIBC values were used to determine TIBC and Tf rediton (%) according to manufacturer's

instructions.

6.2.6. MRNA expression analysis of genes

For each experimental fisim € 8 per treatment), the dissected gill, livergestine and
kidney tissues were preserved in Ri&r® (Applied Biosystem, USA) and stored at —80 °C
until further processing. For each stored sampmtl tRNA extraction, DNase treatment and
cDNA synthesis were carried out as described in kgvet al. (2010). First-strand cDNA was
then used as a template to estimate the transexiptession of two metallo-thionein (MT)
isoforms (MT-A and MT-B), two different heat-shogbkroteins (HSP70a and HSP70b),
transferrin (Tf), and the reference gdhactin, using the real time quantitative polymereisain
reaction (RT-gPCR). The mRNA expression levels df &hd HSP70 genes were quantified in
all the extracted samples, however Tf was quadtibiely in the liver which is the primary site of
Tf synthesis in vertebrates. Prior to retro-traipgion experiments, RNA concentration was
estimated using a NanoDrop ND-1000 (Thermo ScientidSA), and nuclease-free water was
added to obtain a concentration-of 100QubgAll RT-gPCR assays were performed on a real-
time thermocycler (1Q5, Bio-Rad, USA), using SYBRaser Mix (Fermentas, Canada), and the
primer sequences used for respective genes arenpeesin Table 6.2. RT-gPCR was performed
in triplicates using the following conditions: 9€ for 10 min, 45 cycles of 95 °C for 10 s, 60 °C
for 30 s and 72 °C for 25 s. The specificity ofnpers for PCR was checked at the end of each
amplification using a DNA melt curve analysis with ramping rate of 1 °C/min over a

temperature range of 60-95 °C. All mMRNA expressiata were normalized to the mRNA
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expression of-actin gene. The mRNA expressionflactin in different fish tissues was found
to be stable since no significant change occurradng the four different dietary treatment
regimes during the experimental period (data nawsl). Relative mRNA expression was
calculated based on the method described by Rf01), where the mRNA expression levels

of each gene at day 28 were calculated relativay0.
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Table 6.2: The accession numbers and primer segsarfcmetallothionein-A and -B (MT-A,
MT-B), heat shock protein-70a and -70b (HSP-70aPH8b), transferrin, and the reference

genep-actin.

Gene Sequence (5-3) Reference
(GenBank)

MT-A Forward:CATGCACCAGTTGTAAGAAAGCA (Bury et al, 2008)
(M18103) Reverse: GCAGCCTGAGGCACACTTG

MT-B Forward: TCAACAGTGAAATTAAGCTGAAATACTTC (Bury et al, 2008)
(M18104) Reverse: AAGAGCCAGTTTTAGAGCATTCACA

HSP-70a Forward: CGGGAGTTGTAGCGATGAGA (Ojimaet al, 2005)
(AB176854) Reverse: CTTCCTAAATAGCACTGAGCCATAA

HSP-70b Forward: AGGCCCAACCATTGAAGAGA (Ojimaet al, 2005)
(AB176855) Reverse: GCAATGTCCAGCAATGCAATA

Transferrin  Forward: CCACCTCCAGGGCCATTAAATG (Talbotet al, 2009)
(D89083) Reverse: ATCCACCGCTATGGCATCTGCC

B-Actin Forward: TCCTTCCTCGGTATGGAGTCTT (Aegerteret al,
(AJ438158) Reverse: ACAGCACCGTGTTGGCGTACAG 2005)
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6.2.7. Calculations and statistics

Condition factor K = 100 x weight (g)/length (cri]) gastro-intestinal somatic index (ISI)
and hepato-somatic index (HSI) [ISI or HSI (%) =igi# of gastro-intestinal tissue or
liver x 100/total body weight] were calculated framdividual fish sampled on days 0, 14 and 28
(n = 8 per treatment). The whole-body Fe or Cd comag&ans of individual fish were calculated
by dividing the sum of Fe or Cd levels of individlussues by the sum of individual tissue

weights.

All the statistical analyses were performed usirigm@plof (version 11.2; Systat
Software, Inc., Point Richmond, CA, USA). The HISl, condition factor, and Fe and Cd tissue
concentrations were analyzed by three-way anabfsi@ariance (ANOVA) followed by a post-
hoc least significance test (LSD), with time, digtke, and dietary Cd as independent variables.
The relative changes in mMRNA levels were analyzgdwn-way ANOVA followed by a post
hoc least significant test, with dietary Fe and &dindependent variables. Data were log or
square-root transformed when the assumptions adleguiance and normal distribution did not
meet the requirement. Data are reported as the m&&M, andp < 0.05 was taken as the level

of significance.
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6.3. Results

6.3.1. Physiological conditions

The HSI values in fish treated with the normal &igh Fe diets increased significantly
during the exposure, however no such increase Wseareed in fish fed with the normal Fe plus
Cd or high Fe plus Cd diet (Table 6.3). The ISIaemd unaffected among the treatments except
a marked decrease in fish treated with the norneaples Cd diet at day 14 € 0.05). No

statistical difference in the condition factors wasorded among the different treatments.
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Table 6.3: Physiological indicators of juvenilenaow trout after exposure to the normal iron,

high iron, normal iron + cadmium, and high ironagdmium diets for 28 days.

Day Normaliron High iron Normal iron High iron
+ cadmium + cadmium

HSI (%) 0 0.94 +0.07

14  157+01% 1.38+0.16* 1.06 +0.07° 1.11 £ 0.06™

28  1.34+00% 1.26+0.16" 1.01+0.07° 1.06 + 0.09>°
ISI (%) 0 6.05 + 0.29

14  530+0668° 5.31x028 503%0.2% 5.46 +0.19

28 555+0.8” 5.78x0.6% 575%0.29 5.92 +0.37°
Condition 0 0.95 +0.02
factor 14  1.02+0.02 1.05+0.03%8 0.96+0.02° 1.01 £ 0.08°

28  1.00£0.0” 1.04+0.02* 0.92+0.08 0.93 £0.02*

HSI, hepatosomatic index; ISI, gastro-intestinadeix Values labelled with different letters
indicate statistically different (Three-way ANOVAitW time, dietary iron, and dietary cadmium
as independent variables, followed by a post-hdd t&%t;p < 0.05). Upper case: among days in
the same diet treatment (including comparison @wéi 0 with normal iron); Lower case: among

treatments in the same day. Values are mean = SEM.
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6.3.2. Tissue-specific iron and cadmium levels

The Fe concentration did not change in any fissugs among the four different dietary
treatments except for a transient increase intibrmach p < 0.01) at day 14 in fish treated with
the high Fe diet (Appendix Figure A4). In contrastposure to the Cd-supplemented diet, both
in the presence of normal and high Fe, signifiganicreased Cd concentrations in all fish
tissues, including plasma and red blood cells (@#&b4), as well as in the whole-body (Figure
6.1). A high proportion of Cd-{ 80%) accumulatednirthe diet was distributed in the intestine
of fish (Figure 6.1d). At days 14 and 28, the tess€ld accumulation pattern in fish exposed to
dietary Cd were in the order of: intestine > kidegtomach > liver > gill > carcass.
Interestingly, fish fed with the high Fe plus Cdetdexhibited a significant reduction in Cd
accumulation in the stomach, intestine and the a/holdy compared to fish fed with the normal
Fe plus Cd diet (Figure 6.1c, 6.1d and 6.1g). Tiree-way ANOVA revealed a significant
interactive effect among time, dietary Fe and diedd treatments in the stomagh=0.009).
Similarly, there was also a significant interactioetween time and dietary Cd treatment in all
fish tissues as well as between dietary Fe and r€atnbents in the gastrointestinal tissue
(p < 0.001). However, no interactive effect was obsérbetween time and dietary Fe treatment

in any tissue compartments.
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Figure 6.1: Concentrations of cadmium (Cd) (ng/g weight) in the(a) gill, (b) liver, (c)

stomach(d) intestinee) kidney, (f) carcass anfh) whole-body of rainbow trout exposed to the
normal iron (Fe), high Fe, normal Fe + Cd, and Hight+ Cd diets. Bars labelled with different
letters represent statistical difference within #ame tissue (Three-way ANOVA with time,
dietary Fe, and dietary Cd as independent variafddewed by a post-hoc LSD tegi;< 0.05).

Values are mean =+ SEM € 8).

152



6.3.3. Plasma iron status and mRNA expression ofansferrin in the liver

Plasma Fe, TIBC and Tf saturation (%) values irr foifferent dietary treatments are
summarized in Table 6.4. No significant change lasma Fe level was recorded in any of the
four different treatments. Fish fed with the nornka plus Cd diet exhibited a significant
increase in TIBC compared to control fish (normaldtet) at day O and day 28. However, no
increase in TIBC occurred in fish treated with thgh Fe plus Cd diet. No significant change in
Tf saturation (%) was recorded in any of the foiifedent dietary treatments. A significant
increase £ 4-fold) in the hepatic Tf mMRNA expresswas observed in fish treated with the
normal Fe plus Cd diet compared to the control, dv@w no such change occurred in fish fed
with the high Fe diet, with or without Cd-supplertetion (Figure 6.2). A two-way ANOVA
revealed a significant interaction between dietagyand Cd treatments for the hepatic Tf mMRNA

expressiong < 0.05).
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Table 6.4: Haematological parameters of juvenileb@w trout after exposure to the normal iron,
high iron, normal iron + cadmium, and high ironadmium diets for 28 days.

Day Normal High iron Normal iron  High iron
iron
+ cadmium + cadmium

Plasma iron 0 11.7 + 2’8

(uM) 28 11.8+1.7 153+2.6* 11.8+1.2*® 11.6+25%°

TIBC 0 67.2 £3.2

(uM) 28 68.1+3.8" 74.0+3.6" 798+28§ 639+3.7°
Transferrin 0 17.4 + 3.4
saturation

(%) 28 17.3+18% 204+27° 147+21 18.2+4.1°

Cadmium in plasma 0 ubD ubD
(uM) 28 uD uD 0.065 + 0.018 0.048 +0.012
Cadmiuminred O ubD ubD

blood cells

(uM) 28 uD uD 0.043 +0.004 0.042 +0.003

TIBC, total iron binding capacity; Transferrin s@ttion (%), the percentage of transferrin in the
plasma bound with iron; UD, under the detectionitliiWalues labelled with different letters
indicate statistically different (Three-way ANOVAitW time, dietary iron, and dietary cadmium
as independent variables, followed by a post-hob k&st;p < 0.05). However, for cadmium in
plasma and cadmium in red blood cells, only a Sitislé-test was performed. Upper case:
among days in the same diet treatment (includingpasison with day 0); Lower case: among
treatments in the same day. Values are mean = SEM.
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Figure 6.2: The relative mRNA expression levelsrahsferrin in the liver of rainbow trout after
exposure to the normal iron (Fe), high Fe, norneatFeadmium (Cd), and high Fe + Cd diets for
28 days. The expression level of transferrin wasmadized tof-actin. Bars labelled with
different letters represent statistical differerf@@o-way ANOVA with dietary Fe and Cd as

independent variablep;< 0.05). Values are mean + SENIX 8).
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6.3.4. Tissue-specific MRNA expression of metallatneins and heat-shock proteins

Typically, the mRNA expression level of MT-A waggher than that of MT-B in all of
the tissues examined (Appendix Figure A5). No digant change occurred in either MT-A or
MT-B expression of the gill among the four differadietary treatments (Figure 6.3a). In the
intestine, the Cd-supplemented diet, both in thesgmce of normal and high Fe, produced a
significant increase in the mRNA expression of MTaAd MT-B compared to the control
(Figure 6.3b). In the liver, MT-A expression wagrsficantly elevated following treatment with
the high Fe diet as well as normal Fe plus Cd dibereas MT-B expression increased only with
the latter treatment. Interestingly, both MT-A avd-B expressions in the liver of fish fed with
the high Fe plus Cd diet were similar to the cdnirigure 6.3c). A two-way ANOVA revealed
a significant interaction between dietary Fe andti@dtments for MT-A and MT-B expressions
in the liver p < 0.01). In the kidney, high Fe in the diet sugpesl the expressions of both MT-
A and MT-B relative to control, whereas Cd-supplatagon of the diet increased the expression

of MT-B, but only with normal Fe (Figure 6.3d).

In general, the mRNA expression level of HSP-70Is Wigher than that of HSP-70a in
all of the tissue examined (Appendix Figure A5)the gill and liver, no significant differences
were found in the mRNA expression of either HSP-@80&1SP-70b among the four different
dietary treatments (Figure 6.4a and 6.4c). In thtestine, significant elevation of HSP-70a
MRNA expression occurred only in the normal Fe [@dsdiet treatment, whereas no change in
the HSP-70b mRNA expression was observed folloviregtment with the Cd-supplemented
diet, either with normal or high Fe, relative tcetlontrol (Figure 6.4b). In the kidney, a

significant increase of HSP-70a mRNA expressioruged only in the treatment with normal
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Fe plus Cd diet, whereas the HSP-70b mRNA expressioreased significantly only in the

treatment with high Fe plus Cd diet relative to ¢batrol (Figure 6.4d).
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Figure 6.3: The relative mMRNA expression levelsnaftallothionein isoform-A (MT-A) and -B
(MT-B) in the (a) gill, (b) intestine,(c) liver, and(d) kidney of the rainbow trout after exposure
to the normal iron (Fe), high Fe, normal Fe + cadm{Cd), and high Fe + Cd diets for 28 days.
The expression levels of MT-A and MT-B were normatl top-actinfrom the same tissue. Bars
labelled with different letters represent statadtidifference within the same tissue for the same
MT gene (Two-way ANOVA with dietary Fe and Cd adependent variablep;< 0.05). Values
are mean + SEMn(= 8).
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Figure 6.4: The relative mRNA expression level$ieat shock protein-70a (HSP70a) and -70b
(HSP70Db) in the (a) qill, (b) intestine, (c) livand (d) kidney of the rainbow trout following the
exposure to normal iron (Fe), high Fe, normal Feadmium (Cd) and high Fe + Cd diets. The
expression levels of HSP70a and HSP70b were naraethtos-actin from the same tissue. Bars
labelled with different letters represent statadtidifference within the same tissue for the same
HSP70 gene (Two-way ANOVA with dietary Fe and Cdiradependent variableg < 0.05).

Values are mean + SEM € 8).
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6.4. Discussion

6.4.1. Environmental relevance of experimental dist

The present study investigated the chronic interaeffect of Cd and Fe in fish exposed
to an environmentally relevant dietary regime. T concentration in ouArtemia diet was
about 36ug/g dry wt, which was comparable to the Cd levehatural prey species collected
from metal-contaminated aquatic ecosystems (1tg2® dry wt) (Faraget al, 1999). In addition,
the Fe concentration (800-100¢/g dry wt) in the Fe-supplemented diet was wethimi the
range of Fe concentration (160-12,%@0g dry wt) found in the natural fish diet in metal

impacted environments (Winterbouehal, 2000).

6.4.2. Physiological condition, and tissue-specifand whole-body Cd burden

In the present study, no significant changes indd@m factor and ISl were observed
after four weeks of any dietary treatments, altotigere was a transient decrease in ISI of fish
exposed to dietary Cd on day 14. However, we oleskavsignificant decrease in HSI (decreased
liver size) in fish exposed to dietary Cd on botly d4 and day 28, irrespective of Fe level in the
diet. The decrease in HSI was possibly caused bynemease in energy allocation for the

detoxification (e.g., induction of MT and HSP70nsaription) of accumulated Cd.

The present study revealed maximum Cd accumulatidhe intestine followed by the
kidney, stomach, liver, gill and carcass in fistpesed to dietary Cd. The tissue-specific Cd
distribution pattern observed in the present stisdgonsistent with that reported in previous

studies (Szebedinszlet al, 2001; Chowdhuret al, 2005). A very high proportion./ 80%) of
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Cd accumulation in the intestine indicates thatpibbably acts as a barrier against Cd
assimilation from diet. The Cd level in the kidnegreased by more than 2-fold from day 14 to
day 28 in fish exposed to Cd-supplemented dietscating kidney as the long-term storage site
for accumulated Cd. Importantly, fish fed with thigh Fe plus Cd diet exhibited a significant
decrease in Cd accumulation in the stomach, imesind the whole-body relative to fish fed
with the normal Fe plus Cd diet. Furthermore, dedadietary Fe produced a steady-state
cadmium accumulation in the intestinal tissue amel whole-body by day 14, whereas fish
treated with the normal Fe plus Cd diet exhibitembatinuous increase in Cd accumulation with

time.

Although the protective effect of dietary Fe agtinketary Cd accumulation was
previously reported in mammals by Wiostowskial. (2003), to our understanding the present
study is first to demonstrate that in freshwateh fiElevated dietary Fe is expected to decrease
dietary Cd accumulation since #end Cd" are known to competitively inhibit the uptake of
each other in the fish intestine, likelia DMT1 (Kwong and Niyogi, 2009; Kwongt al, 2010).
The expression of DMT1 has been recorded in theatb and intestine (Kworgf al, 2010), as
well as in the liver, kidney and gill of rainbowotrt (Dorschner and Phillips, 1999; Cooptal,
2007). Despite of the ubiquitous mMRNA expressionDMT1 in fish, a reduction in Cd
accumulation by elevated dietary Fe was observédionhe gut and the whole-body. Moreover,
the magnitude of reduction in Cd accumulation wasua 30-50%, and the Cd levels remained
significantly elevated relative to that in the aoht Therefore, it is likely that additional Fe-
independent pathways (e.g., Ca-dependent pathway)exist which can mediate the transfer of
dietary Cd across the gut and subsequently to dtidseres (Schoenmakess al, 1992; Franklin

et al, 2005; Nget al, 2009).
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6.4.3. Iron homeostasis and handling

We did not record any notable change in plasmaekel las well as tissue-specific Fe
concentrations in fish exposed to high Fe and/odigts over 4 weeks. This suggests a strong
homeostatic regulation of Fe and no apparent effechronic environmentally relevant dietary
Cd exposure on Fe homeostasis in freshwater fish.ifiteractive effects of Cd exposure on Fe
metabolism are well documented in mammals (ScleafdrForth, 1985; Kozlowskat al, 1993),
however this aspect has not been thoroughly inyeetd in fish. Haux and Larsson (1984) and
Vincentet al. (1996) reported that chronic exposure to sub-letlaerborne Cd causes anaemia
in fish. They suggested the influence of Cd on Fsaimolism as one of the reasons for the
development of anaemia, although they did not emanthe Fe status in Cd-exposed fish.
Interestingly, we observed about 4-fold increasethie hepatic mMRNA expression of Tf of
rainbow trout treated with the normal Fe plus Cdt.diSimultaneously, we also observed
significant increase of plasma TIBC, which is iratice of plasma Tf level, in the same
treatment. These findings indicate that dietary éXgosure induces Tf synthesis in the liver
resulting in an increase of plasma Tf level. Cletral. (2008) previously reported increased
hepatic Tf mMRNA expression as well as plasma TIBCroceine croakePSeudosciaena crockga
exposed to acute waterborne cadmium (0.03—-9 mgiL)af short period (72 h). They also
recorded an increase in total plasma Fe level andafuration (%) at 24 h, however both
parameters decreased to the control level by %®éndid not observe any change in the total
plasma Fe or Tf saturation (%) level in the prestaty probably due to the longer exposure

duration which allowed fish to regulate plasma tatus.
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The mechanisms of Tf induction by Cd exposure hgeeto be fully understood,
however Cd has been reported to disrupt the Tfimyégh mammals (Hueberst al, 1987). In
mammals, the role of Tf in cadmium circulation isbdtable (Zalups and Ahmad, 2003),
however De Smett al. (2001a) reported that a significant amount of piasCd binds to Tf in
teleostCyprinus carpio We postulate that Cd affects the delivery of e the cells possibly by
disrupting the Fe-binding to Tf and/or Tf cycling fish, and the upregulation of Tf synthesis
occurs as a compensatory response to that. It psriamt to note that the hepatic Tf mRNA
expression as well as plasma TIBC remains unafieciéowing treatment with the high Fe plus
Cd diet, suggesting that Fe-enrichment of dietaraeliorate the effects of Cd on Fe handling in

fish.

6.4.4. Transcriptional responses of metallothionesand heat-shock proteins

In the present study, elevated dietary Fe alorieented the mRNA expression of MT-A
and MT-B in fish, however the pattern of modulatimas different in different tissues. For
example, elevated dietary Fe increased the hepd®idA expression of MT-A, but not of MT-B,
whereas it suppressed the renal mMRNA expressidothf MT-A and MT-B. Previous studies
have reported that treatment with the elevatedadiefte increases hepatic MT level (Yasutake
and Hirayama, 2004; Browet al, 2007) and decreases renal MT level in mammalstéke
and Hirayama, 2004). It has been proposed that dligiary Fe enhances MT turnover in the
kidney (Yasutake and Hirayama, 2004), although rttechanisms of such a process are not

understood at present.
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More importantly, we observed that chronic diet@x exposure markedly increased the
MRNA expression of MT genes in the intestine, liaad kidney of fish, again the induction
profile of either of the two MT genes was not cetet across different tissues. In general, MT-
A was more sensitive to Cd in the intestine andrliwhereas MT-B was more sensitive in the
kidney. Verganet al. (2007) reported greater induction of MT-A compatedT-B in rainbow
trout hepatoma cells exposed to Cd. Recently,atval. (2008) reported greater transcriptional
response of MT-A relative to MT-B in zebrafish raiuring short-term (72 h) acute waterborne
Cd exposure (20Qg/L). The increase in tissue-specific MT proteindein fish exposed to
dietary Cd has been demonstrated by Chowdbtgj. (2005), however our study suggests that
the increase of MT level in different tissues islpably mediated by the differential expression
of two MT genes. Interestingly, we also observet #levated dietary Fe inhibited the cadmium-
induced transcriptional response of MTs in therlimad kidney of fish. The reason for this
inhibition is not clear since elevated dietary ke bt reduce hepatic or renal Cd accumulation.
Nevertheless, MT synthesis occurs at the expensenefgy, thus it can be suggested that

elevated dietary Fe may allate the energetic cost of Cd detoxification in fish.

Although previous studies have reported inductidnH&P70 protein expression in
zebrafish embryo following short-term acute Cd esype (Hallareet al, 2005; Blechingeet al,
2007; Matz and Krone, 2007), the present studyhésfirst to examine the alterations in the
tissue-specific expression of two HSP70 genessimfiollowing chronic Cd exposure. In general,
dietary Cd increased the expression of HSP70 gemlgsn the intestine and kidney, which were
also the primary sites of Cd accumulation. The mR¥Aression of both HSP70a and HSP70b
were induced in the intestine, but only the HSP®@a induced in the kidney. Moreover, the

magnitude of induction of HSP70a mRNA expressiothmintestine was more robust than that
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of HSP70b. These observations indicate that HSKY @aobably more sensitive to dietary Cd
exposure than HSP70b in fish. It is possible thatupregulation of HSP70 genes occurred as a
response to Cd-induced oxidative damage in thestine and kidney (Cuyperst al, 2010),
since oxidative stress is known to cause HSP imglu¢McDuffee et al, 1997). Interestingly,
dietary Fe was found to inhibit dietary Cd-inducedtrease of HSP70a expression in the
intestine as well as decrease intestinal Cd acatioal providing further evidence of the

ameliorative effects of elevated dietary Fe aga@sinduced stress response in fish.

6.5. Conclusions

Overall, the present study demonstrated that cbrdigtary Cd exposure induces the
MRNA expressions of MT (MT-A and MT-B) and HSP705Pi70a and HSP70b) genes in target
organs of fish. We also found that dietary Cd expeslioes not produce any apparent effect on
Fe homeostasis, however it induces the hepatic mBkession of Tf gene and increases the
plasma Tf level in fish. Dietary supplementationF# reduces Cd burden in the gut and the
whole-body, as well as ameliorates the mRNA expoassof Tf, MT and HSP70 genes in fish.
These findings suggest that elevated dietary Fe pratect freshwater fish against chronic
dietary Cd toxicity, at least partially. We propabat iron-enriched/contaminated natural diet

may ameliorate the effects of dietary Cd exposoiffesh in metal-impacted aquatic ecosystems.
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CHAPTER 7: General discussion

7.1. Introduction

Dietary exposure is considered to have importaralogical significance in the
accumulation and toxicity of divalent metals todvilsh (Woodwardet al, 1994; Faraget al,
1999). However, the physiological mechanisms bycWwhihe dietborne metals are absorbed
across the intestinal epithelium of fish remain thoanderstood. My study has shown that the
apical iron transporter, divalent metal transpeitdDMT1), is likely involved in the uptake of
several divalent metals, both essential (e.g., icopper, zinc and nickel) and non-essential/toxic
(lead and cadmium), in the gastro-intestinal traictish. The dietary interactions of divalent
metals may have significant physiological and tolagical implications in the homeostatic
regulation of metals in wild fish, especially infagations exposed to an elevated dietary metal
mixture. More importantly, my study elucidated nbpathways of dietary cadmium absorption,
which will enhance our understanding of the metisbolnd toxicity of dietary cadmium in fish.
My study also unravelled potential molecular biokeas (e.g., transferrin, MT and HSP70) that
can be useful in assessing cadmium exposure infishd In general, findings from the present
research project have important implications foolegical risk assessment of metals in the
aquatic environments. In this chapter, the majgigims gained from my research project are
discussed, including the physiology of dietary iedysorption, and the role of the iron absorptive
pathway in the transport of other divalent metabsticularly cadmium, in freshwater fish. In
addition, the possibility of multiple transport nanisms for dietary cadmium as well as the
influence of elevated dietary iron on cadmium melisin in fish is also discussed. The major

findings from the present research project are sansed in Figure 7.1.
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Chapter 2:

The physiological properties of intestinal iron
absorption in rainbow trout resembles that in
mammals. Iron absorption in the fish intestine is
likely mediated by DMT]1.

Do other divalent metals interact with
the iron transport pathway?

( Chapter 3: \

The essential metals copper, zinc and nickel, and
the non-essential metals cadmium and lead,
inhibit iron absorption in the fish intestine. The
iron transport pathway is important in the
\ accumulation of dietary cadmium. )

Is DMT1 expressed in the gut of rainbow
trout? Are iron, cadmium and lead
transported by DMT1?

Chapter 4:
DMT1 is expressed along the gastrointestinal
tract of fish. Cadmium and lead competes with
iron for uptake, probably via DMT1.

Are there any other pathways What are the effects of
involved in the transport of dietary iron and cadmium
dietary cadmium? interactions in vivo?

[ Chapter 5: \ ( Chapter 6: \
In addition to DMT1, the uptake of dietary Exposure to dietary cadmium increases
cadmium can be mediated by zinc transport cadmium burden and elevates stress responses

pathways. Cadmium-cysteine conjugates in fish. Elevated dietary iron protects against
appear to be absorbed by specific cysteine the accumulation of dietary cadmium and
transporter. The efflux of cadmium occurs ameliorates the cadmium-induced stress

k through an ATPase-driven process. / K responses in fish. J

Figure 7.1: An overview of the major findings iretpresent research project.
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7.2. Uptake and handling of dietary divalent metalsn freshwater fish

7.2.1. Physiology of dietary iron absorption and hmeostasis

Dietary iron exists primarily in the form of ferricon complex, which is highly insoluble
and must be reduced to the ferrous form prior $oaibsorption into the enterocytem the
ferrous iron transporter DMT1 (a ##H* symporter). Luminal components such as ascorliit ac
(Vitamin C) can reduce ferric iron to the ferroumnhi and maintain it in solution, thereby
enhancing its absorption by the fish intestine @&a2 and 4). In mammals, the reduction of
ferric iron to ferrous form occunda an apical ferric reductase (McKet al, 2001). To date, no
comparable homolog of mammalian ferric reductase b@en identified in teleost species.
Nevertheless, my study provided circumstantial ewad of extracellular conversion of ferric to
ferrous iron in isolated rainbow trout enterocy{€hapter 4), which suggested the functional

role of ferric reductase in dietary iron absorptiotish.

Iron absorption occurs along the entire intesttredt of rainbow trout, with the anterior
intestine being the major site for iron absorpti@hapter 2). Although the intestinal iron
absorption is found to be primarily a DMT1-mediagwcess (Chapter 3 and 4), it may also
occur through diffusion\ia paracellular pathways) in the anterior intesti@hgpter 2). In
addition, my study has demonstratdtht the DMT1-mediated apical iron uptake is highly
dependent on a proton gradient and membrane palt¢@thapter 4). Two different isoforms of
DMT1 gene Nrampy$ and—y) are expressed along the entire gastrointestraat bf rainbow
trout (Chapter 4). Interestingly, both DMT1 isof@nare also expressed in the stomach,
indicating that the stomach is also a potentia¢ $dr iron absorption in freshwater fish.

Interestingly, chroniexposure to a four-fold higher level of dietarynifdigh iron diet: 1100 vs.
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control diet: 280 (all are in mg iron/kg of dry fbaveight)] did not significantly affect tissue-

specific iron burden and plasma iron concentrationginbow trout (Chapter 6). Since there is
no specific mechanism for iron excretion in vertgbs, these findings suggest that iron
homeostasis is probably maintained by regulatirggghsorption of dietary iron in freshwater

fish.

7.2.2. Role of iron transport pathway in the absorpon of other divalent metals

Several different divalent metals, including bo#isential (copper, nickel and zinc) and
non-essential (lead and cadmium), can inhibit fggrioon absorption in the intestine of rainbow
trout (Chapter 3). The interactions between irod atiner divalent metals are likely due to their
shared uptake through DMT1 (Chapter 3 — 5). Thengmcuity of piscine DMT1 may explain
the previous findings exhibiting luminal iron, capand zinc interactions in the fish intestine
(Glover and Hogstrand, 2003; Nade#iaal, 2007; Ojoet al, 2009). However, the uptake of
dietary copper and zinc may also be mediated bgifspeopper (copper transporter-1, Ctrl) and
zinc (Zrt- and Irt-like proteins, ZIP) transporténsrainbow trout (Qitet al, 2007; Nadellat al,
2011). In the stomach of rainbow trout, copper k@ts suggested to occur primarily through

Ctrl (Nadelleet al, 2011).

My study has indicated that nickel and lead arengfrinhibitors of intestinal iron uptake
in fish (Chapter 3). In addition, | demonstratedttlkead inhibits iron uptake in the enterocytes
through a competitive interaction, providing stromgdence that iron and lead are taken up
through the same transport pathway, likeig DMT1 (Chapter 4). These findings are in
accordance with previous evidence from mammaliatesys, which indicated that DMT1 can

mediate the uptake of both nickel (Tallkvigtal, 2003; Davidsoret al, 2005; Garricket al,
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2006) and lead (Bannoet al, 2002; Bressleet al, 2004). Overall, it is apparent that the
absorption of divalent metals in the fish intestioecursvia multiple pathways, both iron-

dependent as well as iron-independent. Nevertheless observed that the iron transport
pathway is physiologically important in the accuatidn of dietary cadmium (Chapter 3 and 6).
The interactive effects of dietary iron and cadmiand the role of DMT1 in dietary cadmium

uptake, are discussed in more details in the restion (section 7.2.3).

7.2.3. Mechanisms of intestinal cadmium transportad internal handling

Cadmium appears to compete with ferrous iron fosogttion via the apical iron
transporter DMT1 in fish enterocytes (Chapter 3iB)portantly, chronic exposure to elevated
dietary iron was found to reduce the accumulatiboaolmium in the stomach, intestine and the
whole-body of fish (Chapter 6). It has also beguorged that treatment with an iron-deficient
diet increases the intestinal DMT1 expression d$ agecadmium uptake in fish (Coopet al,
2006b). These observations indicate that DMT1 ptapéysiologically important role in dietary
cadmium accumulation in fish. Recent studies hawggessted that the calcium dependent
pathways (e.g., calcium channels) are an importarte for cadmium absorption in the stomach
of rainbow trout (Woockt al, 2006; Ojo and Wood, 2008; Klinck and Wood, 20Klinck and
Wood (2011) recently reported that the apical uptak cadmium both in the stomach and
intestine can occwia a mechano-sensitive L-type (voltage-gated) calodinannel. In contrast,
my research has indicated that the calcium chanagher voltage-gated or voltage-insensitive,
do not play a significant role in the intestinaltae of cadmium in fish (Chapter 5). It is

important to note though that Klinck and Wood (200i¢ed isolated gut sacs in their study as
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opposed to the isolated enterocytes in my study tlaa latter approach is unlikely to capture the
functions of mechano-sensitive calcium channelsusThhe potential involvement of L-type
calcium channels in intestinal cadmium transporinca be discounted. On the other hand, Ojo
and Wood (2008) reported that the intestinal uptakeadmium is inhibited by zinc andce
versain fish. Similarly, my study demonstrated a comjpeti interaction between zinc and
cadmium — providing strong evidence of a sharedkgimechanism for cadmium and zinc in
the fish intestine. Interestingly, the increasedraoellular bicarbonate level was found to
stimulate cadmium uptake in fish enterocytes (Gérap). A recent molecular study in the
mammalian systems has shown that the ZIP familyziot transporters (e.g., ZIP8 — a
Zn**/HCO; symporter) can mediate cadmium uptake (Girijaseaekal, 2008). Homologues
of the mammalian ZIP transporters are known toXpeessed in the gut of teleost fish, including
rainbow trout (Feeneyet al, 2005; Qiuet al, 2007). Therefore, the ZIP family of zinc
transporters (e.g., ZIP8) appears to be a plaupdilevay for dietary cadmium absorption in fish.
Additionally, my research has indicated that orgdorms of cadmium [e.g., cadmium-cysteine
conjugate, Cd(Cy3), is readily bioavailable to rainbow trout enteytes. Notably, the uptake of
Cd(Cys) was found to have a lower affinity compared tot thiafree inorganic cadmium ion
(Chapter 5). This indicates that Cd(Cygjains entry into the enterocytes through a differe
transport system than those involved in the uptdkese cadmium ion. The uptake of Cd(Cys)
possibly occurs through the intestinal cysteinadpsrter due to molecular mimicry (Zalups and

Ahmad, 2003).

Cadmium that enters into the enterocytes may indtlee transcription of the
metallothionein (MT) genes, particularly the MT fison-A (MT-A) (Chapter 6). The increases

in the mRNA level of MT may subsequently increasepirotein synthesigia translation. The
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MT protein sequesters intracellular cadmium intanetabolically unreactive form as well as
increasing its retention within the enterocytesmammalian enterocytes, cadmium is known to
bind to ferritin (an intracellular iron storage teim) as well (Granieet al, 1998). Since teleost
fish also have ferritin (Andersest al, 1995; Andersen, 1997), it seems reasonable #akthicim

in fish enterocytes may also bind to ferritin. hetgtingly, chronic waterborne lead exposure was
found to induce the mRNA expression of ferritinfish (Mageret al, (2008), indicating its

potential role in intracellular sequestration afdeas well

The precise mechanism(s) of cadmium extrusion feoterocytes into the blood stream
has not been fully characterized. In the mammaligestine, the basolateral transfer of cadmium
is proposed to be mediated by the iron regulatetepr-1 (IREG1) (Zalups and Ahmad, 2003;
Ryu et al, 2004). My study has suggested that cadmium efflosn rainbow trout enterocytes
occurs at least in part through an ATPase-drivecgss (Chapter 5), which is likely associated
with the basolateral calcium-ATPase {GATPase) and/or sodium/potassium-ATPase’(Kia
ATPase) (Schoenmakees al, 1992). Cadmium is probably transported in theyddoglred blood
cells (Nget al, 2009) and/or bound with plasma proteins suchlasran and transferrin (De
Smetet al, 2001a). The induction of transferrin expressiomainbow trout exposed chronically
to dietary cadmium (Chapter 6) validates the imgroee of plasma transferrin for systemic
cadmium transport in fish. A conceptual represémabf dietary cadmium transport and

handling in fish is illustrated in Figure 7.2.
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Figure 7.2: A conceptual representation of irordnseum and lead transport and handling in the
intestinal epithelium (enterocytes) of fish. At tApical membrane, the uptake of inorganic free
ferrous iron (F&), cadmium (C8&") and lead (PB) is mediated by divalent metal transporter-1
(DMT1). Cadmium may also be taken up by Zrt- andilee proteins (ZIP family of zinc
transporters; ZIP8) and L-type calcium tQachannel. Cadmium-cysteine conjugate Cd(Cys)
gains entry into enterocytes through a specifidatge transporter. Intracellular iron, cadmium
and lead may bind to iron storage protein ferri@admium may induce the transcription of
metallothionein (MT), which also sequester intrhdal free cadmium ion, and heat shock
proteins-70 (HSP70) genes. Basolateral transfeémaofand cadmium occunga iron regulated
protein-1 (IREG1). Cadmium (and possibly lead) isoaextruded into the blood stream by
calcium-ATPase (C&ATPase) and sodium/potassium ATPase *(K&ATPase). Following
extrusion, cadmium binds to transferrin, albuminl aed blood cells (RBC) in the blood. The
guestion marks represent an uncertain processampgi systems.
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7.2.4. Physiological and molecular responses to they cadmium exposure

Rainbow trout chronically exposed to dietary cadmiat an environmentally-realistic
level exhibited a significant increase in cadmiuonden in target organs as well as the whole-
body (Chapter 6). The order of cadmium accumulatiaine organs followed: intestine > kidney
> stomach > liver > gill > carcass. Dietary cadmiexrposure did not have any apparent effects
on the physiological performance of fish (e.g.,significant mortality or change in condition
factors). However, we observed that fish exposadidtary cadmium exhibited an increase in the
transcription of metallothionein (MT) and heat-skpcotein (HSP) genes, indicating that dietary
cadmium can stimulate the stress responses inlfisbpose that these molecular endpoints may
act as potential biomarkers of cadmium-induced sstren metal-contaminated wild fish

populations.

The mRNA expression level of MT (MT-A and MT-B isofms) and HSP-70 (HSP-70a
and HSP-70b isoforms) increased in some targetnsrgd fish following dietary cadmium
exposure (Chapter 6). Interestingly, the tissueifipeexpression of each MT and HSP-70
isoform responded differently to dietary cadmiunmeTincrease in the transcript level of MT
may subsequently increase its protein level in ishreported by Chowdhuet al. (2005). The
induction of MT synthesis is likely the first linef defensive mechanism against cellular
cadmium toxicity. However, the up-regulation of H&® genes may reflect the possible cellular
damage caused by cadmium. Cadmium-induced HSP{t@ssion has been associated with the
formation of abnormal proteins and elevation ofdaxive stress (Waisberg al, 2003; Cuypers
et al, 2010). The increase in the synthesis of HSP-7) pnavide additional chaperone to repair

denatured proteins and protect against further darbg cadmium.
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Although cadmium competes with iron for intestidlsorption (Chapter 3-5), chronic
exposure to dietary cadmium does not appear toedams deficiency in rainbow trout (Chapter
6). This observation further suggests a strong lostagic regulation of intestinal iron absorption
in freshwater fish. Interestingly however, the mREMpression level of transferrin in the liver as
well as its protein level in the plasma was siguaifitly increased in fish exposed to dietary
cadmium. It has been shown that a significant amofiplasma cadmium binds to transferrin in
carp Cyprinus carpio)as well as in brown trou@lmo truttd (De Smett al, 2001a). Zhtet al.
(2006) reported that when cadmium binds to transfetransferrin loses its function to deliver
iron into the cells. Therefore, it is likely thdtet up-regulation of hepatic transferrin synthesis
observed in our study occurs as a compensatorgmesio ameliorate the effect of cadmium on
systemic iron handling. | suggest that transfeewpression in the liver and/or in the plasma can

be a potential biomarker of cadmium exposure il Widshwater fish.

7.2.5. Physiological implications of dietary iron ad cadmium interaction

Rainbow trout fed with an iron-supplemented didtibited a significant reduction in the
accumulation of dietary cadmium in the gut and wiele-body (Chapter 6). The protective
effect of elevated dietary iron against cadmiunmuauglation is probably due to the competitive
interaction between cadmium and iron for intestaasorption (Chapter 3-5). Interestingly, the
elevated dietary iron also reduced the cadmiumdadutransferrin expression in fish, which
suggested that dietary iron can ameliorate theceff® cadmium on systemic iron handling.
Moreover, my study has shown that the inductionMdf and HSP70 mRNA expression by

dietary cadmium was inhibited by an elevated iroet,dalthough the effects varied among
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organs. These observations were partly due togheedse in cadmium accumulation by elevated
dietary iron. Since MT and HSP synthesis occurhat ¢xpense of energy, it is likely that
elevated dietary iron alleviates the energetic obsadmium detoxification in fish. Overall, it is
reasonable to suggest that elevated dietary irsmpl@ective physiological implications for fish

exposed to dietary cadmium.

7.3. Environmental and toxicological implications

Evidence from my research as well as from othatietuhas confirmed that exposure to
dietary cadmium at an environmentally relevant llegeild lead to significant accumulation of
cadmium and affect the physiology of fish. Natwtadts containing elevated lead, copper, zinc
or arsenic have also been shown to cause advdesgsebn fish health (Mourgt al, 1994;
Faraget al, 1999; Boyleet al, 2008). However, the current water quality guided for the
protection of aquatic animals against metal toyieite based on waterborne exposure only, and
the dietary exposure is not considered in the egguy framework in Canada as well as in other
jurisdictions. Besides, the water quality critedee typically formulated based on individual
metals. My research clearly indicates that dietatgractions of divalent metals may have
profound effects on the uptake and accumulatiomefals, which may subsequently affect the
physiological condition of fish. In the real worldxposure to metals occurs rarely in isolation,
and fish are most commonly exposed to elevatederdrations of metals in mixture, bota
water and diet. A more realistic risk assessmemhetials in the aquatic ecosystems can only be
achieved if dietary exposure of metals and theferactions are incorporated in the future
development/refinement of regulatory frameworksadidition, my research also highlights the

usefulness of gene expression endpoints in asgesrphysiological status of fish impacted by
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chronic dietary metal (cadmium) exposure. The utemolecular endpoints may help in
evaluating the health of metal-impacted feral fitpulations, which is often difficult to assess

using conventional whole organismal or sub-orgaalsaapproaches.

In freshwater fish, it is well documented that whtene cadmium inhibits the active
transport of calcium, which subsequently causesotgfcaemia and death at acute
concentrations (Wood, 2001). However, my study datéis that the absorption of dietary
cadmium occurs largely through calcium-insensipa¢hways. The iron (DMT1) and zinc (ZIP8)
transport pathways appear to be more importarthisabsorption of dietary inorganic cadmium.
Hence, | propose that the toxic mechanism of dyetadmium exposure to freshwater fish is
different from that of waterborne cadmium exposutas possible that the toxicity of dietary
cadmium occurs due to the disruption of iron amgt zransport and metabolism in fish, at least

in part.

Cadmium contamination in commercial fish feed isgewing concern for the
aquaculture industry in many developing countnetuding China. Squid viscera is widely used
in the preparation of fish feed as an attractadtgmowth stimulant (Mai et al., 2006). However,
fish diet supplemented with squid viscera has bieemd to contain significant amount of
cadmium (about 50 pg/g dry wet of feed) (Dang arehy 2009). Farm fish fed with this diet
have been found to exhibit a significant elevatiorcadmium body burden (Dang and Wang,
2009), posing serious concern for human consumphitynstudy indicates that supplementation
of commercial fish diet with iron may reduce digtamadmium accumulation in fish, thereby

alleviating the potential risk of cadmium expostodumans.
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7.4. Future research perspectives and recommendatis

My research has provided important and novel meastiainformation on the absorption
of dietary iron in freshwater fish. However, the lecular mechanisms governing the systemic
iron homeostasis in fish remain unresolved. Moreogitary exposure to metals are known to
influence the uptake of waterborne metals in fse(Niyogi and Wood, 2003 for review), and
thus it will be interesting to examine the integplaetween branchial and intestinal iron
absorption. This is particularly important sincehficould acquire a large portion of their daily
iron requirementvia the gill during periods of low dietary intake (Gmy and Bury, 2007).
Examination of key iron handling proteins (e.grrifen, hepcidin and transferrin) as well as iron
transport proteins (DMT1 and IREG1) in major trams$pepithelia (gill, intestine, liver and
kidney) of fish in response to waterborne and aigtb iron exposure would provide important
information on their homeostatic function in iraggulation. In addition, the physiological role
of gastro-intestinal DMT1 in the transport of otldaralent metals, such as nickel, zinc and lead,
has not been fully established. Recent studies Bage/n that the mRNA expression of DMT1
and IREG1 can be modulated by the exposure to dilialent metals such as copper and zinc in
zebrafish as well as in mammals (Yanetjial, 2001; Tennanét al, 2002; Craiget al, 2009);
however, its toxicological implications, especialtyfish exposed to metals mixture, remain to

be fully elucidated.

Chronic exposure to dietary cadmium was found tuoe the expression of MT and
HSP genes in rainbow trout (Chapter 6), and thespanses could be linked to the oxidative
stress response in fish (Cuypetsal, 2010). The elevated oxidative stress is typicafigociated
with the increase in cellular reactive oxygen spec(ROS) and the depletion of cellular

antioxidants. Several studies have characterizedl dkidative stress in fish exposed to
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waterborne metals (Langet al, 2002; Manzlet al, 2004; Hanseret al, 2006; Craiget al,
2007). However, the effects of dietary metal expeson oxidative stress responses in fish,
particularly during environmentally realistic expos conditions, have only been studied
sporadically (Faraget al, 1994; Dang and Wang, 2009). Measurement of protarbonyl
content and membrane lipid peroxidation, and thesug-specific concentrations of both
enzymatic (e.g., catalase, superoxide dismutagknan-enzymatic (e.g., the ratio of reduced to
oxidized glutathione) antioxidants, may prove ukeflassessing the potential oxidative damage
induced by dietary cadmium exposure. In addititwe, shared dietary uptake of cadmium with
iron and zinc may have significant implications foeir uptake, metabolism and homeostasis of
these metals in fish. | hypothesize that acclinmatmchronic cadmium exposure in fish involves
regulation of zinc and iron uptake and metaboliSince iron and zinc are essential for a wide
variety of vital metabolic processes, new genenagjenomic tools (e.g., microarray) can be used
to develop a comprehensive understanding of howethrocesses are affected by cadmium

exposure.
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Figure Al: The relative distribution (%) ¢&) ferric (F€") or (b) ferrous (F&") iron in the
mucus, mucosal epithelium and tissue plus seragalesin the isolated anterior, mid and
posterior intestine of rainbow trout, exposed tpM2 iron at 15°C for 2 h. Bars labelled with
different letters are significantly different withthe same intestinal segment (One-way ANOVA
followed by a post-hoc LSD tegi;< 0.05). Values are mean + SEN< 5).

204



a) Ferric uptake

15 T 0.010
|
_ | - 0.008
A ! a T
E 10 } a o
A | a [ 0006 &
G | a g
= a a | - 0.004 5
e O] | £
© ! - 0.002 £
g } 2
2 01 | 0000 ©
2 u | £
g } - -0.002 3§
© | >
2 7] " b | e - 0.004 &
| == Fe* + Mannitol
} - -0.006
_10 T T T T
Mid Posterior Mid Posterior
—_— —
Fuild transport Fe uptake
15 b) Ferrous uptake | . 0.010
|
~ | 2 a 2 - 0008 _
s 10- a i - 0.006 &
€ ‘ i=
o } S
= a | - 0.004 5
) 57 } S
© | - 0.002 £
= i } [
2 0- ; 0.000 =
%) Q
: iy g
5 | - -0.002 5
\ . f=;
S 5 ° P -’ - 0004 &
= == Fe®* + Mannitol e *
} - -0.006
-10 T T T .
Mid Posterior Mid Posterior
Fuild transport Fe uptake

Figure A2: The effects of mannitol (350 mM) in theicosal saline on the fluid transport rate
(positive values represent the net fluid transframn the mucosal to the serosal side, and vice
versa for the negative values), ferric {feand ferrous (F&) iron uptake rates in the mid and
posterior intestine exposed to 2 puM iron at 15°C2Xd. Bars labelled with different letters are
significantly different (One-way ANOVA followed by post-hoc LSD tesp < 0.05). Values are
mean + SEM1{ = 5).
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Figure A3: The effects of different concentratimisextracellularia) cadmium (Cd) ofb) lead
(Pb) on the release of lactate dehydrogenase (LRldj)a are presented as % relative to
intracellular LDH) from isolated rainbow trout erdeytes to the exposure media over time. No

statistical difference was recorded across time@samong treatments. Values are mean + SEM

(n = 5-6).
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Figure A4: Concentrations of iron (Fe) (Lg/g weighe) in the(a) gill, (b) liver, (c) stomach(d)
intestine,(e) kidney, (f) carcass anfh) whole-body of rainbow trout exposed to the norirat,
high Fe, normal Fe + cadmium (Cd), and high Fe +d@tk. In the stomach, bars labelled with
different letters represent statistical differenble statistical difference was recorded in other
organs (Three-way ANOVA with time, dietary Fe, adiétary Cd as independent variables,
followed by a post-hoc LSD tegi;< 0.05). Values are mean + SEN< 8).
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Figure A5: The mRNA expression profile of metaliotein-A (MT-A) and -B (MT-B), and
heat shock protein-70a (HSP70a) and -70b (HSPTOiela, b) gill, (c, d) intestine (e, f) liver,
and(g, h) kidney of rainbow trout. The expression levelalbfgenes were normalized feactin
from the same tissue, and were expressed relatiegtter MT-A or HSP70a for the respective
gene. Bar labelled with an asterisk representssstai difference (Student’stest; p < 0.05).
Values are mean + SEM € 8).
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