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Nancy Olivieri, MD, FRC P ( C )

P ro fe s s o r, Pe d i a t rics and Medicine

Un i ve rsity of To ro n to

The Hospital for Sick Childre n

Room 9413

555 Un i ve rsity Ave n u e

To ro n to, Canada M5G 1X8

416 - 813 - 6 8 2 3

416 - 813 - 5 34 6

n o l i v @ s i ck k i d s . o n . c a

P re m s yl Po n ka, MD, PhD

P ro fe s s o r

Lady Davis Inst i t u te—J ewish General Hospita l

McGill Un i ve rs i t y

3755 Cote Ste. Cath e rine Ro a d

M o n t real, Quebec, Canada H3T 1E2

514 - 34 0 - 8 2 6 0

514 - 34 0 - 7 5 0 2

m d p p @ m u s i c a . m c g i l l . c a

S p e a ke rs
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John B. Po rte r, MA, FRC P, FRC Pa t h .

D e p a rtment of Haemato l o g y

Un i ve rsity College London

98 Chenies Mews

London, England WC1E 6HX

Un i ted Kingdom

0171 - 2 0 9 - 6 2 24

0171 - 2 0 9 - 6 2 2 2

j . p o rte r @ u c l . u c . u k

Ke n n eth N. Raymond, PhD

P ro fe s s o r

D e p a rtment of Chemist ry

Un i ve rsity of Califo rnia, Berke l ey

B e rke l ey, CA 947 2 0 - 14 6 0

510 - 64 2 - 7 219

510 - 4 8 6 - 5 2 8 3

ray m o n d @ s o c ra te s . b e rke l ey. e d u

Tra c ey Rouault, MD

Chief, Section on Human Iron Meta b o l i s m

Cell Biology and Metabolism Bra n ch

National Inst i t u te of Child Health and Human

D evelopment, NIH

Building 18 T, Room 101

B ethesda, MD 20892

3 01 - 4 0 2 - 34 2 8

3 01 - 4 0 2 - 0 07 8

t ro u @ h e l i x . n i h . g ov

Hans Peter Schnebli, PhD

Head Iron Chelation Re s e a rch

Nova rtis Pharm a

K- 12 5 .12 0

Basel, Switzerl a n d CH - 4 0 0 2

0 041 - 61 - 6 9 6 - 71 - 94

0 041 - 61 - 6 9 6 - 76 - 6 0

h a n s _ p ete r. s ch n e b l i @ p h a rm a . n ova rt i s . c o m

Ann Smith, PhD

P ro fe s s o r

Division of Molecular Biology and Bioch e m i st ry

Un i ve rsity of Missouri Kansas City

S chool of Biological Sciences

5 0 07 Ro ckhill Ro a d

Kansas City, MO 64110

816 - 2 3 5 - 2 57 9

816 - 2 3 5 - 5 5 9 5

a n n s m i th @ c c t r. u m k c . e d u

E l i z a b eth C. Theil, PhD

Re s e a rch Scientist

Re s e a rch Inst i t u te

C h i l d re n’s Hospital Oakland

747 52nd St re et

Oakland, CA 94 6 0 9

510 - 4 2 8 - 377 5

510 - 5 97 - 7131

eth e i l @ m a i l . ch o . o rg

H i d e kazu Ts u ka m oto, PhD

P ro fessor of Medicine and Pa th o l o g y

Un i ve rsity of South e rn Califo rnia 

S chool of Medicine

H M R- 101

2 011 Zonal Ave n u e

Los Angeles, CA 90033-10 34

3 2 3 - 44 2 - 5107

3 2 3 - 44 2 - 54 2 5

h t s u ka m o @ h s c . u s c . e d u

E l l i ott Vi ch i n s k y, MD

D i re c to r, Hemato l o g y / O n c o l o g y

C h i l d re n’s Hospital Oakland

747 52nd St re et

Oakland, CA 94 6 0 9

510 - 4 2 8 - 3 6 51

510 - 4 5 0 - 5 647

ev i ch i n s k y @ l a n m i n d s . c o m

S p e a ke rs
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C h a rles Agius, PhD

A s s i stant Dire c to r, Oncology New Pro d u c t s

Nova rtis Pharmaceudicals Corp o ra t i o n

59 Ro u te 10

E a st Hanove r, NJ 07 9 3 6 - 10 8 0

97 3 - 7 81 - 3 0 9 5

97 3 - 7 81 - 6 5 5 5

ch a rl e s . a g i u s @ p h a rm a . n ova rt i s . c o m

Randy S. Alexa n d e r

C h a i rman and Pre s i d e n t

I ron Disord e rs Inst i t u te

P.O. Box 2031

G re e nville, SC 29602

8 64 - 2 9 2 - 117 5

8 64 - 87 8 - 5 5 94

ra n d y h g i @ m c i 2 0 0 0 . c o m

C h a rles Allerson, PhD

I RTA Po st d o c to ral Fe l l ow

National Inst i t u te of Child Health and 

Human Development, NIH

Building 18 T, Room 101

9000 Ro ckville Pike

B ethesda, MD 20892

3 01 - 4 0 2 - 0 3 6 0

3 01 - 4 0 2 - 0 07 8

a l l e rs o n @ b ox - a . n i h . g ov

Steven D. Au st, PhD

P ro fe s s o r

U tah Sta te Un i ve rs i t y

B i ote chnology Cente r

L o gan, UT 84 3 2 2 - 47 0 5

4 3 5 - 7 97 - 27 3 0

4 3 5 - 7 97 - 27 5 5

s d a u st @ c c . u s u . e d u

William Av rin, PhD

C o n t ra c tor in Applied Phys i c s

Quantum Magnet i c s

7740 Kenamar Court

San Diego, CA 92121

619 - 5 6 6 - 9 2 0 0

619 - 5 6 6 - 9 3 8 8

b av ri n @ u c s d . e d u

James K. Bashkin, PhD

A s s i stant Pro fessor of Chemist ry

D e p a rtment of Chemist ry

Wa s h i n g ton Un i ve rsity in St. Louis

C a mpus Box 1134

One Brookings Dri ve

St. Louis, Missouri 6313 0 - 4 8 9 9

314 - 9 3 5 - 4 8 01

314 - 9 3 5 - 44 81

b a s h k i n @ w u ch e m . w u st l . e d u

D avid Bro o ks, MD, PhD

Fe l l ow, Division of Medical Genet i c s

H o s p i tal of the Un i ve rsity of Pe n n s ylva n i a

1 Maloney Building

34 th & Spruce St re et

Philadelphia, PA 19104

215 - 6 6 2 - 474 0

215 - 614 - 0 2 9 8

b ro o ks d a @ m a i l . m e d . u p e n n . e d u

J a ck J. Buch c e s e

P resident and CEO

CytRx Corp o ra t i o n

154 Te chnology Pa rk way

No rc ross, GA 30092

77 0 - 3 6 8 - 9 5 0 0

77 0 - 44 8 - 3 3 57

b u ch e s e j @ c y t rx . c o m

Pa rt i c i p a n t s
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Pa rt i c i p a n t s

Joan L. Buss, PhD

Po st d o c to ral Fe l l ow

P hysiology Department, McGill Un i ve rs i t y

Lady Davis Inst i t u te for Medical Re s e a rch

Sir Mortimer B. Davis Jewish General Hospita l

M o n t real, Quebec, Canada H3T 1E2

514 - 340-8222 x 4666

514 - 34 0 - 7 5 0 2

e z c q @ m u s i c a . m c g i l l . c a

Alison Butler, PhD

P ro fe s s o r

D e p a rtment of Chemist ry

Un i ve rsity of Califo rn i a

S a n ta Barbara, CA 9310 6 - 9 510

8 0 5 - 8 9 3 - 817 8

8 0 5 - 8 9 3 - 412 0

b u t l e r @ ch e m . u c s b . e d u

N. Dennis Chesteem, PhD

P ro fe s s o r

D e p a rtment of Chemist ry

Un i ve rsity of New Hamp s h i re

Pa rsons Hall

D u rham, NH 03824

6 0 3 - 8 6 2 - 2 5 2 0

6 0 3 - 8 6 2 - 4 27 8

n d c @ c i s u n i x . u n h . e d u

Allen Clarkson, PhD

A s s o c i a te Pro fe s s o r

New Yo rk Un i ve rsity School of Medicine

341 East 25th St re et

New Yo rk, NY 10 010

212 - 2 6 3 - 6 6 37

212 - 2 6 3 - 6 6 37

a l l e n . c l a rks o n @ m e d . ny u . e d u

James Connor, PhD

P ro fe s s o r

D e p a rtment of Ne u roscience and Anato my

Penn Sta te Un i ve rs i t y

M.S. Hers h ey Medical Cente r

H e rs h ey, PA 17 0 3 3

717 - 5 31 - 6 9 0 3

717 - 5 31 - 5184

j rc 3 @ p s u . e d u

Bill Crowe, PhD

Re s e a rch Assistant Pro fe s s o r

D e p a rtment of Phys i o l o g y

A l l e g h e ny Un i ve rsity Health Sciences

2900 Queen Lane

Philadelphia, PA 1912 9

215 - 9 91 - 8418

215 - 84 3 - 6 516

c rowe @ a u h s . e d u

A lvin L. Crumbliss, PhD

P ro fessor of Chemist ry

C h e m i st ry Depart m e n t

D u ke Un i ve rs i t y

B ox 9034 6

D u rham, NC 277 0 8 - 0 34 6

919 - 6 6 0 - 154 0

919 - 6 6 0 - 16 0 5

a l c @ ch e m . d u ke . e d u

H a rry A. Dailey, PhD

P ro fe s s o r

D e p a rtment of Bioch e m i st ry and 

Molecular Biology

Un i ve rsity of Georg i a

Athens, GA 30602-2605

7 0 6 - 54 2 - 2 6 9 0

7 0 6 - 54 2 - 7 5 67

d a i l ey @ b s c r. u ga . e d u
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Pa rt i c i p a n t s

S ylvain Dore, PhD

Po st Ph.D. Fe l l ow

D e p a rtment of Ne u ro s c i e n c e

Johns Hopkins Un i ve rs i t y / S chool of Medicine

725 No rth Wo l fe St re et

B a l t i m o re, MD 212 0 5

410 - 9 5 5 - 3 0 8 3

410 - 9 5 5 - 3 6 2 3

s d o re @ we l ch l i n te . we l ch . j h u . e d u

Steve Dra ke, PhD

I RTA

Cell Biology and Metabolism Bra n ch

National Inst i t u te of Child Health and Human

D evelopment, NIH

Building 18 T, Room 101

B ethesda, MD 20892

3 01 - 4 0 2 - 0 3 5 8

3 01 - 4 0 2 - 0 07 8

d ra ke @ b ox d - n i h . g ov

Eileen Eiler, PhD

S c i e n t i fic Wri te r

Medicinal Chemist ry Depart m e n t

Un i ve rsity of Flori d a

Room P- 4 01

1600 S.W. Archer Road, P.O. Box 10 04 8 5

Gainesville, FL 32610

3 5 2 - 84 6 - 19 5 6

3 5 2 - 3 9 2 - 84 0 6

R. Martin Emanuele, PhD

Vice President, 

Business Development and Re s e a rch

CytRx Corp o ra t i o n

154 Te chnology Pa rk way

No rc ross, GA 30092

77 0 - 3 6 8 - 9 5 0 0

77 0 - 44 8 - 3 3 57

e m a n u e l e @ c y t rx . c o m

C h ri stopher D. Fe rris, MD, PhD

Fe l l ow

D e p a rtment of Ne u ro s c i e n c e

The Johns Hopkins Un i ve rsity School of Medicine

725 N. Wo l fe St re et

B a l t i m o re, MD 212 0 5

410 - 9 5 5 - 3 0 24

410 - 9 5 5 - 3 6 2 3

c d fe rri s @ we l ch l i n k. we l ch . j h u . e d u

Roland Fi s ch e r, PhD

Senior Phys i c i st

U KE—P hysiol. Chem. Inst i t u te

M a rt i n i st r. 5 2

H a m b u rg, Germ a ny  D-2024 6

4 9 - 4 0 - 4717 - 3 3 8 5

4 9 - 4 0 - 4717 - 47 97

fi s ch e r @ u ke . u n i - h a m b u rg . d e

Pa t ricia J. Giardina, MD

A s s o c i a te Pro fessor of Pe d i a t ri c s

Chief Division Pe d i a t ric Hemeto l o g y / O n c o l o g y

New Yo rk Hospital Cornell Medical Cente r

525 East 68th St re et

New Yo rk, NY 10 0 21

212 - 74 6 - 3415

212 - 74 6 - 8 6 0 9

H i l a ry A. Godwin, PhD

A s s i stant Pro fe s s o r

D e p a rtment of Chemist ry

No rth we ste rn Un i ve rs i t y

2145 Sheridan Ro a d

E va n ston, IL 60208

847 - 4 67 - 3 54 3

847 - 4 91 - 7713

h a g o d w i n @ ch e m . nw u . e d u
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Pa rt i c i p a n t s

J. Michael Grindel, PhD

Vice President, Drug Deve l o p m e n t

CytRx Corp o ra t i o n

154 Te chnology Pa rk way

No rc ross, GA 30092

77 0 - 4 5 3 - 012 0

77 0 - 44 8 - 3 3 57

gri n d e l m @ c y t rx . c o m

H i romi Gushin, PhD

Re s e a rch Fe l l ow

The Childre n’s Hospita l

300 Longwood Ave n u e

B o ston, MA 02115

617 - 3 5 5 - 5413

617 - 7 34 - 67 91

g u s h i n _ h @ a l . t ch . h a rva rd . e d u

C a rlos G. Gutierrez, PhD

P ro fessor of Chemist ry

D e p a rtment of Chemist ry and Bioch e m i st ry

C a l i fo rnia Sta te Un i ve rst i y

5151 Sta te Un i ve rsity Dri ve

Los Angeles, CA 90032

213 - 34 3 - 2 3 5 6

213 - 34 3 - 6411

c g u t i e r @ c a l sta te l a . e d u

Paul Harmatz, MD

Pe d i a t ric - Gast ro e n te ro l o g i st

C h i l d re n’s Hospital Oakland

747 52nd St re et

Oakland, CA 94 6 0 9

510 - 2 54 - 07 24

510 - 4 5 0 - 5 813

p h a rm a t z @ a o l . c o m

M a ry Harri s

Wri te r- E d i to r

O ffice of Scientific and Health Info rm a t i o n

National Inst i t u te of Diabetes and Dige st i ve 

and Kidney Diseases, NIH

Building 31, Room 9A04

B ethesda, MD 20892

3 01 - 4 3 5 - 8114

3 01 - 4 9 6 - 74 2 2

m a ry _ h a rri s @ n i h . g ov

Bo E. Hedlund, PhD

Chief Scientific Offi c e r

Biomedical Fro n t i e rs, Inc.

1095 10 th Avenue, S.E.

Minneapolis, MN 55414

612 - 37 8 - 0 2 2 8

612 - 37 8 - 3 6 01

R.C. Hider, PhD

P ro fessor of Medicinal Chemist ry

D e p a rtment of Pharm a c y

Kings College London

M a n resa Ro a d

London,  SW 3 6 L X

Un i ted Kingdom

0171 - 3 3 3 - 4 64 6

0171 - 9 37 - 5 6 9 0

ro b e rt . h i d e s @ k c l . a c . u k.

Nathan C. Ihle, PhD

D i re c tor of Pharmaceutical Chemist ry

Pa thoGenesis Corp o ra t i o n

2 01 Elliott Avenue We st, Suite 15 0

Seattle, WA 98119

2 0 6 - 674 - 6 6 8 6

2 0 6 - 2 8 2 - 5 0 6 5

n i h l e @ p a th o ge n e s i s . c o m
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Amanda L. Jenkins, PhD

A s s o c i a te Pro fessional Chemist

Johns Hopkins Applied Physics Lab

Building 13 N250

11100 Johns Hopkins Ro a d

L a u rel, MD 207 2 3 - 6 0 9 9

44 3 - 77 8 - 8 6 31

44 3 - 77 8 - 6 914

j e n k i a l 1 @ a p l m s g . j h u a p l . e d u

J. Shawn Jones, PhD

G ra d u a te Assista n t

P h a rmacology and Toxicology Depart m e n t

Un i ve rsity of Texas Medical Bra n ch at Galve sto n

10 th and Market St re et s

G a lve ston, TX 77 5 5 5 - 10 31

4 0 9 - 77 2 - 15 61

4 0 9 - 77 2 - 9 64 2

s j o n e s @ m a rl i n . u t m b . e d u

Kashi Ka rimian, PhD

Head, Medicinal Chemist ry

A p otex Inc.

150 Signet Dri ve

We ston, Onta rio M9L1T9

C a n a d a

416 - 4 01 - 7 3 0 3

416 - 4 01 - 3 8 0 9

k ka ri m i a @ a p otex . c a

John Ke mp, MD

P ro fessor of Pa th o l o g y

Un i ve rsity of Iowa College of Medicine

Un i ve rsity of Iowa Hospita l s

5238 Carver Pav i l i o n

I owa City, Iowa 5224 2

319 - 3 5 6 - 4 811

319 - 3 5 6 - 847 0

j o h n - ke mp @ u i owa . e d u

John Ket chum 

D i re c to r, Oncology New Pro d u c t s

Nova rtis Pharmaceuticals Corp o ra t i o n

59 Ro u te 10

E a st Hanove r, NJ 07 9 3 6 - 10 8 0

97 3 - 7 81 - 610 6

97 3 - 7 81 - 6 5 5 5

j o h n . ket ch u m @ p h a rm a . n ova rt i s . c o m

Gopal Krishna, PhD

E m e ritus Scientist

National Inst i t u tes of Mental Health, NIH

Building 10 - 3DL11

3 01 - 4 9 6 - 34 21

3 01 - 4 0 2 - 018 8

k ri s h n a @ h e l i x . n i h . g ov

S a n ka ran Ku m a r, PhD

Senior Scientist

Quantum Magnetics, Inc.

7740 Kenamar Court

San Diego, CA 92121

619 - 5 6 6 - 9 2 0 0

619 - 5 6 6 - 9 3 8 8

ku m a r @ q m . c o m

Susan S. Ku rth, MPH

Nu rse Practitioner for Sickle Cell and Thalassemia

C h i l d rens Hospital Bosto n

Bader 403

300 Longwood Ave n u e

B o ston, MA 02115

617 - 3 5 5 - 8 3 04

617 - 7 3 8 - 9 8 57

ku rth @ a 1. t ch . h a rva rd . e d u

Pa rt i c i p a n t s
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Tiit Land, PhD

Po st d o c to ra l

Cell Biology and Metabolism Bra n ch

National Inst i u tes of Child Health and 

Human Development, NIH

Building 18 T / 101

9000 Ro ckville Pike

B ethesda, MD 20814

3 01 - 4 0 2 - 0 3 5 8

3 01 - 4 0 2 - 0 07 8

t i i t @ b ox - t . n i h . g ov

Ti m ot hy LaVa u rte 

Re s e a rch Associate

Cell Biology and Metabolism Bra n ch

National Inst i t u te of Child Health and 

Human Development, NIH

Building 18 T, Room 101

9000 Ro ckville Pike

B ethesda, MD 20892

3 01 - 4 0 2 - 0 3 5 9

3 01 - 4 0 2 - 0 07 8

t l ava u rte @ b ox - t . n i h . g ov

C a rol H. Lete n d re, PhD

Deputy Dire c to r

Division of Blood Diseases and Re s o u rc e s

National Heart, Lung, and Blood Inst i t u te, NIH

Ro ck l e d ge II, Room 1016 2

67 01 Ro ck l e d ge Dri ve, MSC 7950

B ethesda, MD 20892-7950

3 01 - 4 3 5 - 0 0 8 0

3 01 - 4 8 0 - 0 8 67

l ete n d rc @ g wga te . n h l b i . n i h . g ov

Joanne Lev y, MD

I n st ru c tor in Medicine

B righam and Wo m e n’s Hospita l

E n d e rs 708, Childre n’s Hospita l

320 Longwood Ave n u e

B o ston, MA 02115

617 - 3 5 5 - 7474

617 - 7 34 - 67 91

j e l ev y @ b i c s . bw t t . h a rva rd . e d u

Gang Liu, PhD

Re s e a rch Associate

Un i ve rsity of Uta h

40 N 2030 E Fro n t

Salt Lake City, UT 84112 - 5 8 6 0

8 01 - 5 8 5 - 14 6 0

8 01 - 5 81 - 7 0 0 8

ga n g . l i u @ m . c c . u ta h . e d u

Filomena Longo, MD

Po st gra d u a te

D e p a rtment of Pe d i a t rics Un i ve rsity of To ro n to

Thalassemia Centre

Piazza Polonia 94

To rino, Ita ly  1012 6

3 9 - 11 - 313 5 2 91

3 9 - 11 - 313 5 3 0 9

l o n g o @ p e d i a t ri a . u n i to . i t

M a rk Loyevs k y, PhD

Re s e a rch Associate

D e p a rtment of Medicine, 

Division of Hematology/ Oncology

G e o rge Wa s h i n g ton Un i ve rs i t y

2150 Pe n n s ylvania Avenue, NW

Wa s h i n g ton, DC 20037

2 0 2 - 9 94 - 74 8 2

2 0 2 - 944 - 4 5 24

d o m m xe @ g w u m c . e d u

Pa rt i c i p a n t s
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J a ck J. Lu chese 

P resident and CEO

CytRx Corp o ra t i o n

154 Te chnology Pa rk way

No rc ross, GA 30092

77 0 - 3 6 8 - 9 5 0 0

77 0 - 44 8 - 3 3 57

l u ch e s e j @ c y t rx . c o m

L i l ly Magl ova, PhD

Re s e a rch Associate

D e p a rtment of Phys i o l o g y

A l l e g h e ny Un i ve rsity Health Sciences

2900 Queen Lane

Philadelphia, PA 1912 9

215 - 9 91 - 8419

215 - 84 3 - 6 516

m a gl ova @ a u h s . e d u

A rthur E. Martell, PhD

D i stinguished Pro fe s s o r

D e p a rtment of Chemist ry

Texas A&M Un i ve rs i t y

P.O. Box 300012

C o l l e ge Station, TX 77 84 2 - 3 012

4 0 9 - 84 5 - 5 0 5 5

4 0 9 - 84 5 - 4719

m a rte l l @ m a i l . ch e m . ta m u . e d u

D avid P. Mascotti, PhD

A s s i stant Pro fe s s o r

D e p a rtment of Chemist ry

John Carroll Un i ve rs i t y

2 0700 No rth Pa rk Bouleva rd

Un i ve rsity Heights, OH 44118

216 - 3 97 - 4 241

216 - 3 97 - 3 0 3 3

d m a s c ot t i @ j c va xa . j c u . e d u

D o u glas McAbee, PhD

A s s i stant Pro fessor of Bioch e m i st ry

D e p a rtment of Chemist ry and Bioch e m i st ry

C a l i fo rnia Sta te Un i ve rsity Long Beach

1250 Bellfl ower Bouleva rd

Long Beach, CA 9084 0

5 6 2 - 9 8 5 - 15 5 8

5 6 2 - 9 8 5 - 8 5 57

d m c a b e e @ c s u l b . e d u

G o rdon D. McLaren, MD

A s s o c i a te Pro fessor of Medicine

Un i ve rsity of Califo rnia, Irv i n e

VA Medical Center (11 / 111 - H )

5 9 01 East Seve n th St re et

Long Beach, CA 90822

5 6 2 - 4 94 - 5 5 2 6

5 6 2 - 4 94 - 54 5 6

m c l a re n . g o rd o n @ l o n g - b e a ch . va . g ov

James McManis, PhD

Po st d o c to ral Associate

Medicinal Chemist ry Depart m e n t

Un i ve rsity of Flori d a

Room P- 4 01

1600 S.W. Archer Road, P.O. Box 10 04 8 5

Gainsville, FL 32610

3 5 2 - 84 6 - 19 5 6

3 5 2 - 3 9 2 - 84 0 6

Salim Merali, PhD

A s s i stant Pro fe s s o r

New Yo rk Un i ve rsity Medical Cente r

341 East 25th St re et

New Yo rk, NY 10 010

212 - 2 6 3 - 84 9 9

212 - 2 6 3 - 6 6 37

m e ra l s 01 @ p o p m a i l . m e d . ny u . e d u

Pa rt i c i p a n t s
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E sther Mey ron-Holtz, PhD

Visiting Fe l l ow

Cell Biology and Metabolism Bra n ch

National Inst i u tes of Child Health and 

Human Development, NIH

Building 18 T, Room 101

B ethesda, MD 20892

3 01 - 4 0 2 - 0 3 5 8

3 01 - 4 0 2 - 0 07 8

m ey ro n @ b ox _ m . n i h . g ov

M a rvin J. Miller, PhD

G e o rge and Wi n i f red Clark Pro fessor of Chemist ry

D e p a rtment of Chemist ry and Bioch e m i st ry

Un i ve rsity of Not re Dame

2 51 Nieuwland Science Hall

Not re Dame, IN 46556-567 0

219 - 6 31 - 7 571

219 - 6 31 - 6 6 5 2

m a rv i n . j . m i l l e r. 2 @ n d . e d u

Celine Moore, PhD

M a n a ge r, Preclinical Eva l u a t i o n

Hemosol Inc.

2 Meridian Ro a d

To ro n to, Onta rio M9W 4Z7

C a n a d a

416 - 7 9 8 - 07 0 0

416 - 7 9 8 - 0 0 57

c m o o re @ h e m o s o l . c o m

We rner Niederberge r, PhD

P roject Team Re p re s e n ta t i ve

Nova rtis Pharma AG

K- 13 5 .1. 71

Basel, Switzerl a n d CH - 4 0 0 2

41 - 61 - 6 9 6 - 87 - 4 3
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Iron can play a role in the formation of oxyradicals:

(i) autoxidation yields O2
•–, and (ii) the one-electron

reduction of peroxides yield HO• or RO•. The 

reaction of Fe(II)L, in which L is the ligand, with

H2O2, the Fenton reaction, may also form an

iron(IV)oxo complex. The reduction potentials of 

the couples O2/O2
•– and H2O2, H

+/HO•, H2O are

(0.16 V and +0.32 V at pH 7 and 1 molal

concentrations, respectively. Thus, a metal complex

with a reduction potential of (0.16 V can reduce

oxygen to superoxide, but a somewhat higher

potential will still suffice as superoxide rapidly

disappears. The same holds even more so for the

one-electron reduction of peroxides. Kinetically, 

the reduction of dioxygen and peroxides appear 

to be inner-sphere redox reactions. Iron sequestered

in proteins does not participate in the reduction 

of either dioxygen or peroxides, although the 

form-ation of superoxide in the respiratory chain 

is appreciable.  

The concentration of redox-active iron in vivo is 

not known with certainty, but is likely to be in the

micromolar range under normal conditions. The 

biological ligands are also unknown, and therefore

the rate constants are unknown. Experiments 

with citrate, adp and atp give rate constants of the

Fenton reaction of a few thousand per mole and 

per second, and activation energies of ca. 40 kJ/mol.

Rate constants of organic peroxides are smaller by 

a factor of two.1

Iron can be made redox-inactive by forming 

complexes that either have very high or very low

reduction potentials. An example of the latter is 

the ferrioxamine complex. Similarly, a Fe(II)

(phenanthroline)3 complex requires an oxidizing

agent with a reduction potential in excess of 1 V.

Kinetically, iron(II)complexes are somewhat labile,

so that monodentate ligands never will prevent 

oxidation by either dioxygen or a peroxide. A 

polydentate ligand is necessary to make iron inert.

1 W. H. Koppenol, Chemistry of iron and copper in

radical reactions, in: Free Radical Damage and its

Control, (C. A. Rice-Evans and R. H. Burdon, eds)

Amsterdam, Elsevier Science B.V., 1994, p. 3-24.

K i n etics and Mechanism of the Fe n ton Reaction.  Implications for Iron Tox i c i t y.

Willem H. Koppenol, PhD

Laboratorium für Anorganische Chemie, Eidgenössische Technische Hochschule, Zürich, Switzerland
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Detailed studies of the sickle red blood cell have

elucidated the biochemical components of oxidative

damage to the red cell membrane. The autoxidation

scenario includes several components, as follows.

Sickle hemoglobin is modestly unstable, which

results in generation of increased amounts of

superoxide, peroxide and to hydroxyl radical. Sickle

red cells generate each of these oxidant species to

excess. Sickle red cells exhibit decompartmental-

ization of iron such that abnormal deposits of 

several iron types are found at the cytoplasm/

membrane interface: free iron, denatured hemo-

globin, and molecular iron. These pathologic 

membrane iron deposits are able to valance cycle,

as driven by ascorbate or superoxide or lipid

hydroperoxides. As a result of this oxidative

chemistry taking place at the cytosol/membrane

interface, the sickle membrane acquires abnormal

amounts of lipid peroxidation byproducts and thiol

oxidation. Many membrane defects can potentially

be ascribed to this oxidative chemistry, but several

stand out as being strongly supportable by data 

in the literature. (1) The oxidative denaturation of

hemoglobin to hemichrome causes band 3

clumping, attraction of immunoglobulin, and

excessive erythrophagocytosis. (2) Thiol oxidation

abnormally stimulates the K:Cl co-transport

pathway, leading to cellular dehydration. (3) Thiol

oxidation is also implicated in the abnormal

stiffness of the red cell membrane, contributing 

to abnormal red cell flow behavior. (4) Thiol

oxidation probably underlies the abnormal

vesiculation tendency of sickle red cells, providing

procoagulant material to the blood.  (5) Abnormal

accumulation of lipid hydroperoxides confers an

abnormal susceptibility to deformation-induced

potassium leak, leading to dehydration. Notably,

thalassemic red cells are very similar (and in many

cases identical) to sickle red cells in the above

respects. Consequently, to obtain the first

experimental documentation of the role of patho-

logic iron in the red cell pathobiology of

hemoglobinopathies, we administered a free iron

chelator (L1) to thalassemic mice. As a result of this

therapy, their pathologic deposits of red cell

membrane molecular iron diminished significantly,

and this was accompanied by improvements in

cellular cation content, thiol oxidation, and red cell

survival.  Therefore, membrane-penetrating iron

chelators may have the added therapeutic

advantage of removing pathologic deposits of iron

from the red cell cytoplasm/membrane interface,

thereby ameliorating those aspects of red cell

pathobiology that result from oxidative chemistry

driven by membrane-associated iron.

I ro n - D ri ven Damage to HbSS and Thalassemic Ery t h ro c y te s

Ro b e rt P. Hebbel, MD

Un i ve rsity of Minnesota
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Mammalian cells normally contain small amounts of

redox-active iron within their lysosomes. This is a

function of their continuously ongoing autophago-

cytotic degradation of various metallo-proteins. Since

redox-active iron catalyzes the homolytic cleavage of

hydrogen peroxide, under the formation of the very

reactive hydroxyl radical, the influx of hydrogen 

peroxide into the lysosomal compartment is poten-

tially risky. Oxidative stress, increased amounts of

lysosomal low molecular weight iron, and decreased

cellular capacity to degrade intra- or extracellularly

formed hydrogen peroxide may lead to oxidative 

damage of lysosomal membranes, with ensuing 

leakage to the cytosol of lytic enzymes. 

Limited such leak seems to induce transient

autophagocytosis of reparative character, while 

moderate lysosomal rupture is followed by apoptosis

within initially intact plasma membranes, probably by

activation of the caspase cascade. In contrast, severe

oxidative stress, which results in a more complete

lysosomal breach, is associated with necrosis and cell

lysis. Limiting the availability of intralysosomal low

molecular iron in a redox-active form could therefore

represent potential protection for cells under oxidative

stress. Such protection may be accomplished by 

stimulating the endocytotic uptake of exogenous iron-

chelators, such as desferrioxamine, or the endogenous

apo-ferritin-synthesis with resultant lysosomal 

enrichment with ferritin via autophagocytosis. Such

limitation of the redox-availability of intralysosomal

iron largely prevents not only oxidative stress-induced

lysosomal labilization, but apoptosis as well.

Cells with low capacity to degrade hydrogen peroxide,

such as differentiated insulinoma cells, seems to be

able to induce ferritin synthesis more rapidly than

cells which easily degrade hydrogen peroxide. Such

induction may be a defense mechanism against

oxidative stress. Nevertheless, we hypothesize that 

ß-cells which, like insulinoma cells, have a weak anti-

oxidative defense system under conditions of

enhanced general autophagocytosis, or crinophagy,

might become lethally vulnerable to even low, or

moderate, oxidative stress of the magnitude that may

be expected to occur in pancreatic islets within the

microenvironment surrounding activated macrophages

under oxidative burst (e.g., during autoimmune

insulitis).

Damage to macrophages induced by oxidized low 

density lipoprotein (oxLDL) is associated with iron-

mediated intralysosomal oxidative reactions, which

cause partial lysosomal rupture and ensuing 

apoptosis. This series of events can be prevented by

pre-exposing cells to desferrioxamine, whereas it is

augmented by treatment of the cells with a low-

molecular-weight iron-complex. This suggests that 

the normal contents of lysosomal redox-active iron 

may play an important role in oxLDL-induced cell 

damage, presumably by catalyzing intralysosomal 

fragmentation of lipid peroxides and the formation 

of toxic aldehydes and oxygen-centered radicals.

Since lipofuscin contains a considerable amount of

iron, it is conceivable that the loading of the lyso-

somal compartment with this age-pigment within

aged post-mitotic cells, such as nerve- and heart 

muscle cells, might render them abnormally sensitive

to oxidative stress, and perhaps explain the common

occurrence of nerve cell degeneration following 

TIA-attacks. The necrosis of hepatocytes and ß-cells 

in advanced heamochromatosis, may equally be

explained by lysosomal overloading with redox-active

iron, making these organelles increasingly sensitive 

to oxidative stress.

I n t racellular Iron and Cell Death

Ulf T. Brunk, MD, PhD

Department of Pathology II, University of Linköping, Sweden
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NF-κB, a redox-sensitive transcription factor, 

transactivates the promoters of numerous genes

involved in inflammatory and immune responses

such as cytokines (e.g. TNFα, IL-6, IL-8),

chemokines (MCP-1, MIP-1 and 2), growth factors

(M-CSF), adhesion molecules (ICAM, VCAM) as 

well as oxidant and antioxidant enzymes (iNOS,

SOD, GCS).  Our research to date demonstrates 

that activation of NF-κB and induction of NF-κB

responsive genes in hepatic macrophages (HM) 

are dependent on an intracellular, chelatable pool 

of iron and that sufficient chelation of this pool

abrogates these molecular events.

In animal models of cholestatic and alcoholic liver

injury, HM participates as critical effector cells to

promote cytotoxic, proinflammatory or fibrogenic

responses in the liver. These responses are in large

mediated by activation of NF-κB and induction of

the aforementioned mediators. The NF-κB mediated

events by HM are shown to be prevented by in vivo

or ex vivo treatment with a lipophilic chelator 

(1,2-dimethyl-3-hydroxypyrid-4-one, deferiprone).

These effects are associated with normalization of

the increased non-heme iron content in HM and

amelioration of liver injury in the models,

suggesting the pivotal role of iron in HM NF-κB

activation and subsequent pathogenetic processes.

The increased HM non-heme iron content in the

alcoholic liver injury is accompanied by 2-fold

increases in ferritin protein and L-chain mRNA

expression in HM as well as in the splenic non-

heme iron content. Further, hemeoxygenase-I

mRNA expression is upregulated in HM, suggest-

ing enhanced heme turnover as a mechanism of 

the increased iron storage. Recapitulation of this 

hypothetical mechanism in vitro by phagocytosis 

of heat-treated erythrocytes, increases the cellular

iron content and accentuates subsequent LPS-

stimulated NF-κB activation in cultured HM. 

Addition of ironic iron (~50µM) to cultured HM

causes a transient decrease in the cytosolic IκBα
and sustained increases in p65 and DNA binding 

of the p65/p50 heterodimer and the p50/p50 

homodimer in nuclear extracts, demonstrating

direct activation of NF-κB by iron. DNA binding 

of AP-1 is not affected by the same treatment. 

Further, LPS-induced NF-κB activation is preceded

by a transient increase in the chelatable pool of

intracellular iron, and the pretreatment of the cells

with deferiprone (100 µM), abrogates the increases

in both iron and NF-κB binding. Interestingly, 

this inhibitory effect of deperiprone on NF-κB

appears dose-dependent since lower concentrations

of the chelator (<1 µM) actually increase NF-κB

binding in HM.

In summary, these results suggest: 1) the causal

role of chelatable intracellular iron in NF-κB

activation in HM both in vitro and in vivo; 2)

increased HM iron storage as a priming mechanism

for NF-κB activation and cytokine expression; and 

3) dose-dependent biphasic effects of deferiprone

on HM NF-κB activation. (Supported by USPHS

grants R37 AA06603 and P30 DK48522, and 

Medical Research Service of Department of 

Veterans Affairs).

I ron Chelato rs, NF-κB Ac t i vation and Liver Disease
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Iron present in loosely bound or unchelated forms

within cells can act catalytically to produce DNA 

damaging and lipid peroxidizing oxygen radicals. 

Living cells regulate the transport and storage of iron

to minimize free radical damage. When this regulation

is disrupted, the consequences on cellular growth 

and survival are dramatic. Mutations in fur, a gene

regulating high affinity iron uptake in Escherichia coli,

lead to 8-fold elevated levels of intracellular iron 

(Keyer and Imlay, 1996) and increased rates of cell

death and mutagenesis during aerobic growth (Keyer

and Imlay, 1996; Touati et al., 1995). Likewise, an

AFT1up mutation in yeast leads to deregulated iron

uptake and reduced cell growth in iron-replete medium

(Yamaguchi-Iwai et al., 1995). In both systems, the

effects of iron overload are aggravated by mutations in

DNA repair systems demonstrating that DNA damage

is prevalent under these conditions (Touati et al., 1995;

Philpott et al., 1996). In humans, hemachromatosis

leads to iron loading in the liver, heart and pancreas,

resulting in cirrhosis of the liver, pancreatic fibrosis

and cardiac dysfunction, as well as increased risk of

hepatocellular carcinoma (Crawford et al., 1996).

Moreover, an iron-unresponsive mutant of the IRP 

protein, which normally controls iron uptake and

storage at the cellular level, results in diminished cell 

survival (DeRusso et al., 1995). Despite the wealth of

information on the negative impact of iron overload in

cells, surprising little is known about the molecular

basis of iron-mediated, transcriptional control of iron

uptake  in eucaryotes where transcription occurs on a

chromatin template.  

In response to iron starvation, the basidiomycete 

fungus Ustilago maydis produces two cyclic hydro-

xamate siderophores ferrichrome and ferrichrome A.

Three genes required for siderophore biosynthesis 

and regulation have been characterized: sid1 encodes

ornithine-N5-oxygenase, the first enzyme in the 

ferrichrome biosynthetic pathway; sid2 encodes a

putative peptide synthetase required for ferrichrome

biosynthesis; and urbs1 encodes a transcription

repressor that interacts via its C-terminal finger

domain with GATA sequences in the sid1 (Leong and

Winkelmann, 1998). Our working hypothesis is that

iron modulates siderophore gene expression at one or

more levels. Iron may act as a corepressor of genes

regulated by Urbs1 and as a physiological effector that

indirectly affects expression of siderophore genes by

altering the structure and/or cellular location of Urbs1.

As with Fur, the procaryotic analog of Urbs1, iron 

may directly activate Urbs1 in DNA binding. Urbs1

may repress expression of sid1 through positioning of

nucleosomes and/or by formation of a DNA loop in 

the sid1 upstream region. Consistent with this latter

hypothesis, discrete and iron-dependent, nuclease

hypersensitivity sites have been identified near the

origin of transcription initiation of sid1.  

Crawford, D. H. G., Powell, L. W., Halliday, J. W. and 

B. A. Leggett. 1996. Factors influencing disease expression in

hemochromatosis. Ann. Rev. Nutr. 16:139-160.

DeRusso, P. A., Philpott, C. C., Iwai, K., Mostowski, H. S., 

Klausner, R. D. and T. A. Roualt. 1995. Expression of a consitutive

mutant of iron regulatory protein 1 abolishes iron homeostasis in

mammalian cells. J. Biol. Chem. 270:15451-15454.

Keyer, K. and J. A. Imlay. 1996. Superoxide accelerates DNA damage 

by elevating free-iron levels. Proc. Natl. Acad. Sci. U.S.A. 

93:13635-13640. 

Leong, S. A. and G. Winkelmann. 1998. Molecular biology of iron 

transport in fungi. In: Metal Ions in Biological Systems, Vol 35, 

Iron Transport and Storage in Microorganisms, Plants and Animals
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The plasma glycoprotein hemopexin is the primary

physiological transporter of heme and is in the first

line of defense against deleterious effects of heme.

By binding heme, hemopexin abrogates its oxid-

ative effects which are considered to contribute to

the pathology of hemolytic conditions, reperfusion

after ischemia, neurodegenerative diseases, stroke

and aging. High (2-20 µM) but not low (0.01-1 µM)

concentrations of heme-hemopexin increase the

cellular protein carbonyl content and the DNA

binding of transcription factors known to respond to

oxidative stress, including NFκB. Heme-hemopexin

is a rapid activator of the N-terminal c-Jun kinase/

stress activated protein kinase (JNK/SAPK), and free

heme is without effect on this kinase in spite of

increasing protein carbonyl production to similar

levels. The heme analog cobalt-protoporphyrin IX

(CoPP) bound to hemopexin is an avid ligand of the

hemopexin receptor but no tetrapyrrole uptake

occurs. This complex allows the role of activation of

signaling pathways by receptor occupancy to be

investigated independently of transport. CoPP-

hemopexin does not increase the carbonyl content

of cells but does activate JNK/SAPK. Increased

intracellular heme levels taken up via the hemo-

pexin receptor are neither toxic nor apoptotic but

rather induce cell arrest, whereas nanomolar

concentrations of heme-hemopexin stimulate

growth in part by supplying nutrient iron. Cu(I) is

generated at the cell surface by redox processes in

an early event in the induction of MT-1 and HO-1

mRNA by heme-hemopexin. Several transcription

factors, whose DNA binding is increased in cells

exposed to oxidative stress are affected by the

extracellular levels of heme-hemopexin.

Bathocuproinedisulfonate (BCDS), which specifically

chelates Cu(I), prevents the increased intracellular

oxidation state in response to heme-hemopexin.

The nuclear translocation of two transcription

factors, NFκB and the metal-responsive element

binding protein, MTF-1, also known to respond to

oxidative stress, is due principally to events due to

hemopexin receptor occupancy. The hemopexin

receptor acts as a sensor of the extracellular

environment since receptor occupancy activates

signaling cascades for key transcription factors and

uptake of heme via the hemopexin system allows

controlled heme transport at rates which allow cells

to respond and protect themselves not only from the

transient increased oxidation state associated with

heme transport and catabolism but also from

subsequent exposures to heme. Since free heme

does not induce JNK, the signaling events, like

sustained phosphorylation of c-Jun, G2/M arrest

and increased expression of the cell cycle inhibitor

p21WAF1/CIP1/SID1, generated by heme-hemopexin

appear to be of paramount importance in cellular

protection by hemopexin. Perfusion after ischemia

induces nuclear levels of c-Jun and NFκB thus,

heme-hemopexin is likely to be a key player in

these cellular responses in vivo. The hemopexin

receptor-mediated heme uptake system allows 

controlled heme transport at rates which allow 

cells to respond and protect themselves via

concomitant gene regulation activated by occ-

upancy of the surface receptor. Hemopexin protects

cells lacking hemopexin receptors by limiting their

exposure to heme and targeting it elsewhere.

M e chanism of Hemopex i n - M e d i a ted Protection Aga i n st Oxidative Reactions 

Due to Eleva ted Extracellular Heme

Ann Smith, PhD

Division of Molecular Biology & Biochemistry, School of Biological Sciences, University of Missouri–K.C.
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Three aspects of mammalian iron transport have

been heavily investigated, particularly in recent

years. Our laboratory has used animal  models 

with defects in various aspects of iron absorption,

transport and utilization to study these processes.

We have mapped spontaneous mutations in 

rodents with inherited iron deficiency anemia, and

we have generated new mutant mouse models by

gene targeting. 

Transmembrane iron transport: Until recently, it

was not known how iron moves across biological

membranes in mammals. Through genetic experi-

ments, we found that natural resistance associated

macrophage protein 2 (Nramp2, also known as

DCT1) is important for iron transport.  We used a

positional cloning/candidate gene approach to show

that the microcytosis (mk) strain of mutant mice

and the Belgrade (b) strain of mutant rats 

both have the same missense mutation (G185R) in

Nramp2. This mutation results in severe impair-

ment of transmembrane iron transport, particularly 

affecting apical iron absorption in the small

intestine, and endosomal iron transport in erythroid 

precursors. Combined with biochemical evidence

from Gunshin, Hediger and co-workers, our results 

indicate that Nramp2 is the major transmembrane

iron transporter in mammals. We have recently 

proposed that Nramp2 be renamed DMT1, for

divalent metal transporter 1, to give a more

accurate indication of its activity. 

Transferrin cycle: Transferrin (Tf) acts as a plasma

chelator of iron.  Through interaction with specific

Tf receptors (TfRs), diferric transferrin enters an

endosomal compartment of the cell, and supplies a

concentrated source of iron for uptake. We have 

disrupted the gene encoding mouse TfR in ES cells,

and used the mutant cells to produce mice with 

TfR -/- and TfR +/- genotypes. TfR-/- mice die in

utero at embryonic day 10-11. Many TfR-/- embryos

have severe anemia, presumably because iron

uptake by erythroid precursors cannot meet the

demands of hemoglobin production. Other TfR-/-

embryos do not appear anemic, but still die in

utero, apparently as a result of increased cell death

in the vicinity of the developing neural tube. Apart

from these defects, TfR-/- embryos are well formed.

Heterozygous TfR+/- animals are liveborn, and

appear grossly normal. Surprisingly, however, they

have hypochromic, microcytic red cells, associated

with varying degrees of anemia. This suggests 

that haploinsufficiency for TfR is sufficiently dele-

terious to cause a red blood cell phenotype. This

has implications for human patients with inherited

anemias. 

Hfe regulation: Hfe is the molecule affected in

patients with hereditary hemochromatosis. We 

have made two types of mutations in the murine

Hfe gene.  We have disrupted the gene, to produce

Hfe knockout animals, and we have introduced the

C282Y mutation (present in human patients with

hemochromatosis) into the murine gene to produce

an animal model of human hemochromatosis. The

difference in phenotypes observed for Hfe-/- versus

HfeC282Y/C282Y animals is informative. Iron

loading is more severe in animals with the knockout

mutation than in animals with the missense mut-

ation. This suggests that human hemochromatosis

represents a relatively mild alteration of a gene 

that is very important in normal iron metabolism.

C ritical Steps in Tra n s m e m b rane Iron Tra n s p o rt

Nancy C. Andrews MD, PhD

H owa rd Hughes Medical Inst i t u te and Division of Hemato l o g y / O n c o l o g y, 

C h i l d re n’s Hospital and Department of Pe d i a t rics, Harva rd Medical School, Boston, MA
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While required by all prokaryotes and most 

eukaryotes, iron in excess can be toxic. Organisms

have developed sophisticated mechanisms to 

tightly regulate the concentration of iron within

cells and within organelles. Malregulation of iron

transport and metabolism result in disease.

Through the study of the model eukaryote, the 

budding yeast, many human diseases of iron or 

other transition metals can be analyzed on a 

genetic and biochemical level.

High affinity iron transport in both humans and

yeast relies on a transport system that consists 

of a multicopper oxidase and a ferric transporter. 

Cellular iron accumulation in yeast requires the 

ferroxidase activity of the multicopper oxidase to

convert ferrous to ferric iron, which is transported

across the cell surface by the permease Ftr1p. 

In humans, ferrous iron in plasma is oxidized by

ceruloplasmin, which loads iron on to transferrin.

Iron is delivered to the erythron and rapidly

dividing cells, cells that have the highest iron

requirements. Defects in the assembly of the yeast

or human ferroxidase lead to decreased iron

transport in yeast, and disease in humans due to an

excessive deposition of iron or copper in tissues.

Human disease results not only from malregulation

of cellular iron accumulation, but from alterations 

in intracellular iron metabolism. A number of 

intracellular transporters deliver iron to specific

organelles. Defects in these transporters affect 

the movement of iron resulting in an iron maldis-

tribution within cells. This maldistribution may

result in organelle excess and cytosolic deficiency.  

Mutations in the yeast YFH1 gene, a homologue 

to the human gene frataxin, results in mitochondrial

iron excess and respiratory deficit. Defects in the

human frataxin gene result in Freidreichs’ Ataxia, 

a lethal neuralogical and cardiac disorder. Both 

the human and yeast genes are nuclear genes that

encode a mitochondrial protein. The yeast gene is

required for proper mitochondrial iron export, and

when defective results in mitochondrial iron

accumulation. These results provide a model for the

pathophysiology of Freidriechs’ Ataxia suggest 

that it is a disease or organelle iron overload.

A n a lysis of Human Iron Disord e rs Through the Study of Transition 

M etal Metabolism in Ye a st

J e rry Kaplan, PhD

Un i ve rsity of Utah, School of Medicine, Salt Lake City, UT
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All cells in the organism require iron (Fe) and, in

general, control its uptake and storage by a 

mechanism moderated by interplays between iron-

responsive elements (IRE) and iron-regulatory 

proteins (IRP). However, many specialized cells 

and tissues have specific requirements for Fe and

appear to display distinct regulation of its uptake

and, perhaps, intracellular trafficking. In at least

some instances, cells evolved mechanisms that 

can override the ubiquitous IRE/IRP control system.

Distinct Fe metabolism is best exemplified by 

erythroid cells which are the most avid consumers

of Fe in the organism. Virtually all the Fe taken up

by immature erythroid cells appears in heme whose

rate of synthesis (on a per cell basis) is at least 

one order of magnitude higher than that in the liver.

Differences in Fe metabolism and in genes for 

5-aminolevulinic acid (ALA) synthase are respon-

sible for the differences in regulation and rates of

heme synthesis in erythroid and nonerythroid 

cells. In nonerythroid cells, the rate-limiting and

controlling step of heme production is catalyzed 

by ALA synthase (ALA-S). However, since the 5’

untranslated region of the erythroid-specific ALA-S

mRNA contains the IRE, a cis-acting sequence

responsible for translational induction of erythroid

ALA-S by Fe, the availability of Fe controls

protoporphyrin IX levels in hemoglobin-synthesizing

cells. Erythroid cells obtain Fe exclusively from

transferrin (Tf) via Tf receptors (TfR) that are

transcriptionally “over-expressed”. Our results

indicate that TfR induction during erythroid

differentiation is probably independent of the

IRE/IRP regulatory system. Moreover, we have

provided evidence that heme is essential for

maintaining a normal rate of TfR synthesis in

erythroid cells. While succinylacetone (SA, an

inhibitor of ALA dehydratase) inhibits TfR

expression in differentiated murine erythroleukemia

(MEL) cells, 48h-incubation of MEL cells with ALA

(0.06-1 mM) results in a dose-dependent increase in

TfR mRNA levels that is accompanied by an

enhanced uptake of 125I-Tf by the cells. ALA-

mediated enhancement of TfR mRNA could be

prevented by SA, indicating that the effect required

the conversion of ALA into heme. Interestingly,

control and ALA-treated MEL cells contained

identical levels of active IRP-1, suggesting that

endogenous heme may stimulate TfR expression 

by a transcriptional mechanism. In erythroid cells

Fe acquired from Tf is specifically targeted to 

mitochondria where ferrochelatase inserts the Fe

into protoporphyrin IX to form heme. This is

d o c u m e n te d by our results showing that in

hemoglobin-synthesizing cells Fe acquired from 

Tf continues to flow into mitochondria, even when

the synthesis of protoporphyrin IX is markedly 

suppressed. In addition, we have found that the

inhibition of endosome motility decreases the rate

of 59Fe incorporation from 59Fe-labelled endosomes

into heme. These observations, together with our

recent confocal microscopy studies, suggest that in

erythroid cells a transient mitochondria-endosome

interaction may be involved in Fe translocation 

to ferrochelatase.

M etabolism and Tra n s p o rt of Iron: Distinct Control Mechanisms in Ery t h roid Cells

P re m s yl Po n ka, MD, PhD

Departments of Physiology and Medicine, McGill University and Lady Davis Institute, 

Jewish General Hospital, Montreal, Canada.
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The physiologic regulation of the red cell mass

depends upon enhanced transcription of the 

erythropoietin (Epo) gene in response to hypoxia.

Studies of Epo gene expression have been useful 

in investigating the mechanism by which cells and

tissues sense hypoxia and respond with biologically

appropriate alterations in gene expression. Both 

in vivo and in cell culture, the expression of Epo

and other genes of physiologic relevance such as 

vascular endothelial growth factor and glycolytic

enzymes is induced not only by hypoxia but also 

by certain transition metals (cobalt and nickel) and

by iron chelation. It is likely that oxygen sensing

involves a heme protein in which cobalt and nickel

can substitute for iron in the porphyrin ring.

Indirect evidence suggests that the sensor is

present in all cells, and is a multi-subunit assembly

containing an NAD(P)H oxidase capable of

generating peroxide and reactive oxygen

intermediates which serve as signaling molecules. 

The up-regulation of Epo gene transcription by

hypoxia depends on at least two known DNA

binding transcription factors, HIF-1 and HNF-4,

which bind to cognate response elements in a

critical ~50 bp 3' enhancer. HIF-1 binding is

induced by hypoxia as well as by cobalt and iron

chelation.  HIF-1 is a bHLH heterodimer which is

activated in a wide range of tissues challenged by

hypoxia and mediates the regulation of a number of

O2 responsive genes. HIF-1α and HIF-1ß mRNAs are

constitutively expressed and not significantly

affected by changes in oxygen tension. The

activation of HIF-1 by hypoxia depends upon the

selective protection of its α subunit from ubiquitin-

dependent proteolysis, by means of a mechanism

that depends on both phosphorylation and redox

chemistry. We have recently identified a central

domain in HIF-1α which is both necessary and

sufficient for oxygen-dependent degradation.

HNF-4 is an orphan nuclear receptor which is 

constitutively expressed in kidney and liver, and

cooperates with HIF-1 to give maximal hypoxic

induction. The C-terminal activation domain of

HNF-4 binds specifically to the ß subunit of HIF-1

while the C-terminal portion of the α subunit of

HIF-1 binds specifically to p300, a general trans-

criptional activator. This very large protein and 

its homologue CREB binding protein (CBP), are

inactivated by binding to the adenovirus protein

E1A. Hypoxic induction of the endogenous Epo

gene in Hep3B cells as well as an Epo-reporter 

gene is fully inhibited by E1A but only slightly by 

a mutant E1A that fails to bind to p300. Moreover,

over-expression of p300 enhanced hypoxic

induction. Thus, in hypoxic cells, p300 or a related

family member forms a macromolecular assembly

with HIF-1 and HNF-4, enabling transduction from

the Epo 3' enhancer to the apparatus on the

promoter responsible for the initiation of

transcription.

Regulation of Ery t h ro p o i e s i s

H. Franklin Bunn, MD

H a rva rd Medical School, Boston, MA
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Iron regulatory proteins (IRPs) are proteins that

sense cytosolic iron levels and accordingly modify

expression of iron metabolism proteins. The two

mammalian IRPs are similar to one another, but the

mechanism for iron sensing differs between the two

proteins. IRP1 is an iron-sulfur protein that

functions either as a cytosolic aconitase or as an

RNA binding protein, depending on cellular iron

status. Insertion of an iron-sulfur cluster into the

active site cleft of IRP1 results in loss of binding to

RNA stem-loops known as iron regulatory elements

(IREs). These stem-loops are found in the trans-

cripts of numerous iron metabolism proteins,

including ferritin, transferrin receptor (TfR),

erythrocyte ALA synthase, mammalian

mitochondrial aconitase, and Drosophila succinate

dehydrogenase. An IRE is also present in the 3'UTR

of DCT1/ Nramp2, the recently cloned iron

transporter responsible for microcytic anemia in

mice. Consensus IREs are binding sites for both

IRPs; binding of IRPs to IREs near the mRNA cap

site results in decreased translation, whereas

binding to IREs within the 3'UTR stabilizes the

mRNA of TfR, and possibly DCT1.

IRP2 is degraded in iron-replete cells by a path-

way that involves iron-dependent oxidation of the 

protein, ubiquitination, and degradation by the 

proteasome. Thus, IRE binding activity of both 

IRP1 and IRP2 is decreased in iron-replete cells.

Both IRPs are found in cells, and the activities are 

theoretically redundant. However, targeted

disruption of IRP2 in mice results in an increase in

intestinal iron uptake and a progressive neurologic 

syndrome. Possible explanations for the phenotype

of the IRP2-/- mice will be discussed. 

The Role of Iron Regulatory Proteins in Maintenance of Iron Homeostasis in Mammals

Tra c ey Rouault, MD

National Inst i t u te of Child Health and Human Development, NIH
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A key component of the regulation of ferritin

expression involves a post-transcriptional mech-

anism in which the iron response protein (IRP)

binds to the ferritin message at IRE consensus

recognition sequence. We have examined the

effects of cell environmental factors on this process.

In particular, we have examined the influence of

ascorbic acid and  of hypoxia on this process. Phys-

iological concentration of ascorbic acid increase by

four-fold the degree of in vivo phosphorylation of

IRP-1 in K562 erythroleukemia cells. We found that

ascorbic acid increases by two-fold the degree of in

vitro phosphorylation of IRP-1 by protein kinase C

when added to in vitro incubation mixes.

Electromobility shift assay shows enhanced IRP/IRE 

binding in cells treated with ascorbic acid. The

functional consequence of enhanced IRP/IRE

binding was seen as an increase in transferrin

receptor expression in the cell. This consistent with

the enhanced transferrin receptor mRNA stability

produced by IRP/IRE binding. Iron overload depletes

the body supply of ascorbic acid. Strategies

designed to chelate excess iron should factor the

effects of modifed ascorbate levels in these

patients.

Hypoxia, likewise, alters IRP/IRE interaction. Using

the human hepatoma cell line Hep3B as a model,

we found that a 16 hour exposure to a 1% oxygen

atmosphere markedly increases IRP/IRE binding 

as assessed by electromobility shift assay. Hypoxia

also decreases cytosolic aconitase activity in 

Hep3B and in K562 human erythroleukemia cells. 

In the case of the transferrin receptor, the hypoxia-

enhanced IRP/IRE binding stabilized the message

and increased the cellular mRNA content by over

10-fold. The expression of the transferrin receptor

doubled in these cell during 16 hours of hypoxia.

Simultaneously, enhanced IRP/IRE binding

suppressed translation of the ferritin message. The

effect of hypoxia was most strikingly depicted by

the absence of ferritin synthesis in cells challenged

with inorganic iron. The suppression of ferritin 

synthesis means that hypoxic cells are susceptible

to iron-mediated oxidant damage once the oxygen

tension returns to normal. This sequence of events

could contribute to the cell and tissue damage in

patients with iron overload and concurrent regional

hypoxia, as may occur in sickle cell disease, for

instance.

Modulation of Fe rritin Expression and Iron Metabolism 

by Ascorbic Acid and by Hypox i a

Ildiko Toth, Hemant Thatte, Liping Yuan, Jack T. Rogers, Hayden Boyce, David Golan, Kenneth R. Bridges

B righam and Wo m e n’s Hospital, Harva rd Medical School, Boston, MA
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Ferritin iron uptake and iron release are each 

regulated in cells. Structure/function of both the

genetic regulatory elements and the protein are so

highly conserved that model systems are unusually

accurate analogues of human cells. Thus studies 

in humans, other mammals, birds, amphibia and

prokaryotes are essentially superimposable.

Understanding mechanisms that control iron release

from ferritin will have important consequences for

developing novel strategies to manage iron

overload.

Iron uptake rates are regulated by altering the 

ratio of mRNAs for H and L type ferritin subunits:

ferritin composed of H-type subunits takes up iron

~100-10,000 times as fast as ferritin composed of 

L-subunits. Tissue-specific iron uptake rates are

achieved through genetically controlled variations 

in the ratios of H and L-type subunits. Ferritin 

synthesis rates are regulated by specific

interactions between an mRNA regulatory element

(IRE) and two regulator proteins (IRP1 and IRP2).

Integration of ferritin synthesis with the synthesis 

of ferritin of other proteins of iron and oxidative

metabolism, such as the transferrin receptor,

erythroid aminolevulinate synthase, and m-

aconitase, is achieved by differential IRP

interactions with isoforms of theferritin IRE in the

other mRNAs. 

Iron release has been less studied than iron uptake

because in vitro, the similarity of rates is so small

that no hints about mechanisms could be obtained.

In contrast iron release rates in vivo vary

considerably among ferritins in different tissues

suggesting that cytoplasmic components may

interact with ferritin to modulate iron release.

Recently a clue to a possible cytoplasmic

mechanism for control of iron release was obtained

with recombinant ferritins (Takagi et al.(J. Biol.

Chem 273, 18685-18688,1998). A single amino acid

substitution L134P, at a highly conserved

site,increased the rate of reductive iron release 5x

in a ferritins, whereas ron release from recombinant

ferritin (H or L-subunit type) varied little. Comp l ete

dissolution of a 480 Fe atom mineral took 30x longer

in the wild type the altered ferritin; none of the iron

was released from either the wild type or the

altered ferritin until the reductant (FMN/NADH)

was added. X-ray crystallography indicated that the

effect of the mutation was amplified because L134

is near the junction of three subunits and created a

disordered or untwisted site at each of the three

subunit junction around the molecule. The reduc-

tant thus had better access to the mineral. In vivo a

cytoplasmic factor might untwist ferritin in

response to cell signals for iron. Manipulation of

such untwisting, coupled to intracellular chelators

could greatly improve therapy for iron overload.

A New Tw i st in Fe rritin Iron Re l e a s e

E.C. Theil and H. Ta ka g i

C h i l d re n’s Hospital Oakland Re s e a rch Inst i t u te, Oakland, CA
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Although the iron chelating drug deferoxamine

(DFO)  has been available for clinical use for almost

four decades, it has only gained acceptance as a

useful therapeutic agent in the late seventies

following the demonstration of its ability to deplete

iron stores in thalassemic patients. In this over-

view I shall discuss briefly the pathophysiology of

iron overload, the impact of long-term treatment

with DFO and L1 on survival in thalassemia and

then, conclude with the potential use of iron 

chelators in conditions unrelated to iron-overload. 

In thalassemia, iron overload is the product of 

multiple transfusions and increased iron absorption.

Ineffective erythropoiesis and the associated vast

expansion of the erythroid marrow result in a 10 

to 15-fold increase in plasma iron turnover, with 

an outpouring of catabolic RBC iron exceeding the

iron-carrying capacity of transferrin. This results 

in the emergence of non-transferrin-bound plasma

iron (NTBI). The rate of NTBI deposition in myo-

cardial and hepatic cells is over 200-fold faster 

than of transferrin iron and  believed to be directly

responsible for iron toxicity in thalassemia. In heart

cell cultures NTBI induces peroxidative damage to

the sarcolemma and the mitochondrial inner

membrane, resulting in abnormal heart cell

contractility and rhythmicity, reversible by DFO

treatment. Clinical studies have shown that NTBI is

directly available for iron chelator-binding and

hence a major target of  iron chelating therapy.

Long-term DFO treatment has improved the life-

expectancy of thalassemic patients, mainly by

prevention of cardiac mortality. Likewise,

symptomatic siderotic myocardiopathy is reversible

by aggressive DFO treatment. The introduction of

deferiprone (L1) has generated considerable interest

as an orally effective alternative to DFO. The

present controversy about the clinical usefulness of

L1 is centered around the prevalence and severity

of its side-effects; its ability to maintain a negative

iron balance, and;  its possible hepatotoxicity. Other 

synthetic iron chelators are presently evaluated 

for clinical use and will be discussed by other

speakers at this symposium. An important aspect 

of iron chelating treatment is preventing harmful

reactions unrelated to iron overload. The most 

well defined of these are reperfusion injury; 

anthracycline toxicity and; intracellular pathogens.

Because iron deficiency may  interfere with the 

normal immune response and aggravate, rather

than inhibit infection, infection may be controlled 

by selective iron depletion in compartments

essential for microbial growth. This is analogous

with the redistribution of iron elicited by the

inflammatory response. The antimicrobial effect of

cytokines,  mediated by intracellular iron depletion,

can be mimicked by a strong iron chelator such as

DFO.  Intriguing new observations on the

antimalarial effects of DFO and other iron chelators

lend new meaning to the term “Nutritional

Immunity” and open new channels for exploring the

possibility of controlling infection by selective

intracellular iron deprivation. Packaging the

chelator in liposomes or red cell ghosts, or

manipulating their lipid solubility to improve their

delivery to appropriate target organs such as the

macrophage system may greatly improve their

efficiency. With the introduction of new, orally

effective chelators, it is reasonable to expect that

future research may lead to the development of

novel strategies of diasease control by selective iron

depletion.

C u rrent Status of Chelation Thera py

C. Hers h ko, MD

Hebrew University, School of Medicine, Jerusalem, Israel
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I n t roduction to Chelator Design

Ke n n eth Raymond, PhD

Un i ve rsity of Califo rn i a—B e rke l ey

Chemists have for some time been rather good at

making complexing agents for metal ions that have

high affinities and so reduce the free aqueous 

metal ion concentration substantially. However 

such ligands, an example being EDTA, tend to be

relatively nonselective. In contrast, nature provides

examples of complexing agents that demonstrate

not just high affinity for metal ions but also extra-

ordinary selectivity. Siderophores, microbial ion

transport agents, have high affinity and selectivity

for ferric ion and have therefore been prototypes 

or models for therapeutic iron chelating agents.

Some functional groups commonly found in sidero-

phores, or associated with similar ligands, are

shown below. Ferrioxamine B is the siderophore in

the pharmaceutical Desferal®, which has for several

decades been the therapeutic iron chelating agent

in clinical use.

In addition to ease of administration and low 

toxicity, desirable chemical features of a chelator

require a thermodynamic stability high enough to

overcome in vivo complexation. Some examples 

will be provided of comparing such stabilities and

their implications for iron chelation therapy. The

kinetic ability of a chelating agent to remove iron

from serum transferrin is also a significant factor

and examples of this will also be presented, with

specific reference to possible therapeutic appli-

cations and ligand design
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Deferoxamine mesylate (DF) has been in use for

over thirty years and consistent parenteral 

administration has been shown to be effective in

controlling transfusional iron overload. While a 

generally safe medication, longterm use or high

dosages of DF can cause a number of complications

affecting various organs, most frequently the

auditory nerves, eyes, kidneys, and bones. DF use

is also associated with an increased risk of infection

with Yersinia enterocolitica and some fungi. Such

organisms appear to have a growth advantage

when provided with iron-chelator complexes and 

DF may have some effect on host defenses.

Acute hypersensitivity reactions are rare and occur

most commonly when DF is infused intravenously 

in large doses or at rapid rates. Auditory toxicity

can include tinnitus or sensorineural hearing loss.

Ocular toxicity may present as blurry vision or 

difficulty in adjusting to darkness. Formal

ophthalmologic testing may reveal decreased visual

acuity, visual field defects, decreased electro-

retinographic responses, abnormal color vision,

elevated dark-adapted thresholds, and retinal

pigmentation.  Some recovery of ocular function can

occur after cessation of DF therapy but may not be

complete.  Ocular changes are relatively rare in

individuals treated with “standard” dosages of DF.

DF may cause mild to moderate decreases in

glomerular filtration rate of the kidney and large

doses of DF has been associated with rare cases of

renal failure.   The effects of DF on renal function

are generally reversible when DF is stopped.

Chronic DF treatment may also be associated with

hypercalciuria and/or nephrocalcinosis. The renal

loss of calcium and possibly other minerals may

contribute to metabolic bone disease and

osteopenia. Early institution and high levels of DF

compliance may be associated with abnormalities in

metaphyseal growth plates and slowed linear

growth. These bony radiographic changes are

distinct from those caused by bone marrow

expansion. Osteopenia or osteoporosis is seen in

many adults with thalassemia major and may also

be related to DF therapy. DF toxicity may be more

severe in individuals with lower iron burdens or

those who have underlying organ dysfunction, such

as diabetic retinopathy. The mechanisms of organ

toxicity are not well-defined and may be related to

the chelation of iron  or other minerals from tissues.  

1,2-dimethyl-3-hydroxypyrid-4-one (Deferiprone 

or L1) is a more recently studied oral iron chelator.

Unlike DF, L1 is lipid soluble and has lower 

iron-binding affinity. Commonly experienced side 

effects of L1 included neutropenia or agranulo-

cytois, arthropathy, and liver enzyme abnormalities.

A recent study (Cragg et al.)  showed that in vitro,

L1 potentiated oxidative DNA damage in iron-

loaded liver cells, especially when L1 was in lower

concentrations relative to iron.

Clinical Toxicity of Iron Chelato rs

B e a t rice E. Gee, MD

M o rehouse School of Medicine, At l a n ta, GA



National Inst i t u tes of Health S e ptember 21- 2 2 , 19 9 8 B ethesda, Maryl a n d
41

As a result of deferoxamine treatment, the prog-

nosis for patients in countries able to afford this

therapy has greatly improved. Modern regimens of

deferoxamine reduce or normalize hepatic iron 

overload, improve linear growth, preserve anterior

pituitary function, and extend survival free of the

complications of iron overload if adequate control 

of iron burden is maintained. Over the past decade,

a quantitative approach to the management of iron

overload has been developed, providing guidelines

for the control of body iron burden on individual

patients treated with chelating therapy. While in

practice, the serum ferritin are commonly used to

assess treatment effectiveness, reliance on this 

test alone may lead to errors in management in

individual patients: changes in body iron account

for little more than half of the variation on serum

ferritin concentrations. By contrast, measurement 

of the hepatic storage iron concentration, which is

highly correlated with total body storage iron,

provides the most quantitative, specific and

sensitive method for evaluating body iron burden.

Determination of heptic iron through liver biopsy

performed under ultrasound guidance is safe, and

permits rational adjustment of regiments of iron-

chelating therapy tailored to individual patients.

Magnetic suscpetometry provides a direct measure

of hepatic storage that is quantitatively equivalent

to that determined by biopsy of liver tissue over a

range of iron concentrations. By contrast, magnetic 

resonance imaging does not provide an accurate

measurement of hepatic iron concentration of

patients with severe iron loading, hepatic fibrosis,

or both. Because the magnitude of the body iron

burden is the principal determinant of clinical 

outcome, the primary goal of iron-chelating therapy

is adequate control of body iron. Body iron burdens

corresponding to hepatic iron concentrations

exceeding 15 milligrams iron per gram liver dry

weight greatly increase the risk of cardiac disease

and early death. By contrast, in a proportion of 

heterzygotes for hereditary hemochromatosis,

slightly elevated body iron burdens (about 3.2 to 

7 milligrams iron per gram liver, dry weight) are

associated with normal life expectancy; homo-

zygotes who develop iron burdens greater than 

this are at increased risk of complications of iron

overload. This suggests that a conservation goal 

for iron-chelating therapy is to maintain a body 

iron corresponding to hepatic storage iron 

concentrations of about 3.2 to 7 milligrams iron 

per gram liver, dry weight. The serum ferritin 

concetrations corresponding to this range are less

clearly defined.

Clinical Effe c t i veness of Chelating Thera py

Nancy F. Olivieri, MD

University of Toronto, Canada

continued on next page
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The difficulties associated with deferoxaminc have

led to a search for therapeutic alternatives. Short-

term therapy with oral deferiprone (L1) was

observed to have a favorable short-term effect on

body iron burden, in the one study in which serial

direct determinations of hepatic iron were obtained.

Two extened studies have subsequent suggested

that, during long-term deferiprone therapy, hepatic

iron may stabalize at, or increase to, concentrations

associated with increased risk for cardiac disease

and early death in up to one-half of patients. 

In addition to the previously recognized adverse

effects of embryotoxicity, teratogenicity, neutro-

penia and agranulocytosis, long-term deferiprone

treatment has recently been reported to be assoc-

iated with progression of hepatic fibrosis; the 

estimated odds of progression are estimated to

increase by 5.8-fold with each additional year 

of therapy. These findings parallel those in two 

animal species in which deferiprone, and an 

hydroxpyridone structurally similar to deferiprone,

was shown to increase hepatic and cardiac iron

loading, worsen hepatic fibrosis, and induce 

cardiac and musculoskeletal fibrosis. By contrast,

deferoxamine treatment arrests the progression of

hepatic fibrosis even when hepatic iron is tabalized,

rather than reduced. Taken together, these data

suggest that deferiprone does not adequately

control body iron burden in a substantial proportion

of patients, and may promote worsening of hepatic

fibrosis, confirming cautions previously expressed

about the long-term administration of this agent 

in iron-leaded patients. Long-term followup of the

effectiveness of other models of administration of

defeoxamine, to date reported only on preliminary

analyses, are awaited with interest. These include

deferoxamine attached to high molecular starch,

administered in twice daily subcutaneous bouses,

and in lipid vehicle permitting slow release.

Clinical Effe c t i veness of Chelating Thera py

Nancy F. Olivieri, MD

University of Toronto, Canada
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Transfusion therapy, the cornerstone of the

treatment of thalassemia major and other

hematologic diseases, dramatically improves the

lives of affected patients. However, iron overload is

an inevitable, life-threatening complication of long-

term administration of red cells. Iron chelation

therapy with deferoxamine removes excessive iron,

but the need for parenteral administration of the

chelator, drug-related side effects and high cost

lead to poor compliance and numerous treatment

failures. An alternative approach to removing

transfusional iron with chelators is to prevent or

slow iron accumulation by modifying the

transfusion therapy. This approach is most readily

applied to sickle cell disease in which the goal of

long-term transfusion therapy is usually the

replacement of hemoglobin S cells with hemoglobin

A cells. In previous studies we have demonstrated

that raising the target hemoglobin S level from 30%

to 50% decreases red cell requirements by

approximately 33%. Using exchange transfusion in

conjunction with the higher target hemoglobin S

level decreases transfusion requirements by a mean

of 67%. The greatest reductions occur with partial

exchange transfusion by erythrocytapheresis (PET-

E). Using this method, most patients with sickle cell

disease do not require chelation therapy during

chronic transfusion therapy. Thalassemia major

presents a different challenge since the primary

goal of transfusion therapy is to raise the total

hemoglobin level. Judicious selection of a target

pre-transfusion hemoglobin level within the range

of 9-11 g/dl may minimize blood requirements but

hemoglobin levels below this range are associated

with significant complications. Increasing the

frequency of transfusion while reducing the amount

of blood administered each visit may also reduce

the total blood requirements but many patients find

such a schedule inconvenient. Young red cell

(neocyte) transfusions should theoretically prolong

the survival of administered erythrocytes, thereby

decreasing total blood requirements. However, in

clinical studies, the reduction in blood requirements

with neocytes prepared from single donor units was

only 13-16%, and the preparation costs and donor

exposures were significantly higher in transfusion

regimens employing neocytes in comparison with

conventional red cell units. Berdoukas has

combined PET-E with neocyte enrichment in the

management of patients with thalassemia,

achieving a 29% reduction in the rate of red cell

loading. In a pilot study, we have performed 70

PET-Es without neocyte enrichment in three

patients with thalassemia major. After determining

optimal operating characteristics for PET-E, we have

reduced net red cell loading by a mean of 45%.

Donor blood utilization increased 2.5-3.5 fold in

comparison with simple transfusion. Additional

studies indicate that the beneficial effect of PET-E

on net red cell loading (and therefore on the rate of

iron accumulation) is directly related to a circulating

red cell population of younger average age

throughout the period between transfusions. The

use of PET-E in sickle cell disease and thalassemia,

and the investigation of this or different transfusion

regimens in other hematologic disorders, may

reduce or in some cases eliminate transfusional iron

loading and the need for chelation therapy.

Transfusional Appro a ches to the Management of Iron Ove rl o a d

Alan R. Cohen, MD

Division of Hematology, Children’s Hospital of Philadelphia
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In recent years it has become clear that manipu-

lating iron levels in particular biological com-

partments can have a profound effect on certain 

disease processes. The course of disorders as

diverse as Cooley’s anemia, inflammatory bowel

disease, malaria, and reperfusion injury has been

shown to be dependent on iron. Whereas the 

common denominator in exploiting iron as a

therapeutic target in these diseases may be that of

reducing “available” iron, very different design

strategies are necessary; the parameters set by the

nature of the disease on the toxicity profile and

modes of chelator administration vary significantly.

Although Cooley’s anemia probably best

exemplifies the hurdles which must be overcome in

drug design, it also demonstrates that it is possible

to prematurely abandon potentially valuable drugs

which, while they do not fall within the pharma-

cological boundary conditions set for this disease,

would be useful for other indications. Patients with

Cooley’s anemia require lifelong treatment with 

iron chelators; therefore, two issues are of

paramount importance in drug design consid-

erations—the efficiency with which the ligand

removes iron and long-term toxicity. The former

issue has a tremendous impact on how the drug

can be administered and thus on patient com-

pliance. Whereas inflammatory bowel disease is a

chronic problem, episodes are often sporadic; the

resulting treatment is focused on symptomatic

periods. Malaria and reperfusion injury are quite

different regarding toxicity profile considerations

inasmuch as short-term exposure is foreseen. Thus,

ligands which are unacceptable for the treatment of

iron overload associated with Cooley’s anemia

because of their long-term chronic toxicity may be

completely appropriate and useful in other

therapeutic arenas.  

In order to illust ra te the difficulties and some of 

the solutions to the problems in the design, te st i n g ,

and selection of suitable iron ch e l a to rs for tre a t m e n t

of iro n - re l a ted disord e rs, studies with both natura l

p roduct sidero p h o res and synth etic ligands will be

d e s c ribed. Most of the pre s e n tation will focus on th e

design and te sting of ligands for transfusional iro n

ove rload, but the application of the compounds to th e

t reatment of infl a m m a to ry bowel disease will be

b ri e fly outlined. These will include considerations of

toxicity pro files and dosage regimen re qu i re m e n t s

d i c ta ted by the particular disease state.

A l te rn a t i ve Appro a ches to Chelator Deve l o p m e n t

R aymond J. Berge ron, PhD

University of Florida
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Parenteral administration of desferrioxamine (DFO)

has been the mainstay of iron chelation therapy

despite numerous problems associated with its use,

not the least of which is highly variable compliance.

It was hoped that an orally effective chelator would

obviate most of these problems, especially the 

latter. More than 20 years have now elapsed since

the search for an oral chelator began in earnest.

Thousands of compounds have been evaluated in

various models of iron overload yet the ideal

chelator has not materialized. Many of the most

active compounds have proven to be too toxic,

especially in normal animals. Compounds with a

high affinity for iron will also bind other

physiologically important metals such as Cu and Zn,

albeit with lower affinities. Altering the

homeostasis of these metals, binding the iron in

essential pools and/or interacting with critical

metalloenzymes is undoubtedly responsible for

much of the toxicity observed.  Moreover, the

pathological pool of iron in various disease states is

in different tissues/cellular compartments. Thus,

both specificity and selectivity will determine

whether a given chelator is suited to a particular

situation. In some diseases, one may only need to

inhibit a metalloenzyme to achieve the desired

result while in others, like thalassemia, it is

necessary to mobilize excess storage iron and cause

its excretion. Furthermore, the best regimen to

unload excess body iron stores may not be 

appropriate for preventing iron deposition in young

children or for maintaining iron levels in those

whose stores have been normalized.  In the case 

of thalassemia, we suggest that a combination of

chelators will prove to be the best solution, in 

particular, a combination involving use of a bi- or

tridentate ligand to “shuttle” iron from storage 

sites to a hexadentate “sink” capable of forming a

metabolically inactive iron complex which can be

readily excreted. We have demonstrated the valid-

ity of this hypothesis both in the hypertransfused 

rat model of iron overload and in human balance 

studies. Deferiprone, one of the most promising 

oral agents, proved to be only 57% as effective as

DFO (range 24%-129%) when fecal excretion of 

iron was taken into account. Given the nature of 

the side effects associated with deferiprone, signi-

ficantly increasing the dose to enhance efficacy

seemed impractical. Thus, we studied the effect 

of giving the drugs in combination. Deferiprone 

(75 mg/kg divided t.i.d.) was given with breakfast, 

dinner and a bedtime snack, DFO (60 mg/kg) 

being infused subcutaneously during the night. In

5/6 patients studied, the effect was additive with 

a shift to urinary iron excretion. Synergy was

observed in the sixth. Since the chelatable pools 

of iron are rapidly refilled and the drugs were not

given simultaneously, the significance of this result

has been somewhat overlooked. Infusing DFO 

during the day or asking a patient to get up during

the night to take deferiprone is unrealistic. This 

regimen is a practical approach to markedly 

increasing iron excretion in a minimally intrusive

way. If the chelators were given simultaneously, 

one might expect a synergistic effect. This is 

most practical in the case of oral chelators. In 2/2

patients, combining N,N'-bis(o-hydroxybenzyl)

ethylenediamine-N,N'-diacetic acid (HBED) and

d e fe ri p rone re s u l ted in synerg y, with a shift towa rd s

u ri n a ry exc retion of iron, supporting the “shuttle”

hypothesis. The challenge now is to develop a

variety of chelation regimens to be used in different

situations, thereby giving patients more options to

choose from and improving overall compliance.

I ron Chelation: Rationale for Combination Thera py

R . W. Gra d y, V.A. Berd o u kas and P.J. Giard i n a

New Yo rk Hospita l - C o rnell Medical Cente r, New Yo rk, USA 

and the Prince of Wales Childre n’s Hospital, Sydney, Au st ra l i a
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I C L 670A is an N-subst i t u ted bis-hy d rox y p h e nyl -

t riazole, a re p re s e n ta t i ve of a new class of tri d e n ta te

i ron ch e l a to rs. Fo rt y- four compounds of the tri a z o l e

s e ries with diffe rent phys i c o - chemical 

p ro p e rties (e.g. wa ter solubility, lipophilicity pro fi l e ,

i ron-binding affinity and global ch a rge of their 

i ron comp l ex) we re synthesized. These compounds 

we re eva l u a ted both for their pharm a c o l o g i c a l

e ffects and to l e ra b i l i t y, to gether with some 700 

other compounds from fi ve additional ch e m i c a l

classes. ICL670A emerged from this selection

p rocess as the compound which best combines 

high oral potency and to l e ra b i l i t y.

The potent and specific ability of ICL670A to

mobilize tissue iron and pro m ote its exc retion has

been demonst ra ted in seve ral models: in the bile

duct cannulated rat, ICL670A has a rapid onset of

action and is fi ve - fold more potent than Desfe ral®

and te n - fold more potent than L1. In a ch ronic (12 -

week) study in iro n - ove rloaded rats, ICL670A wa s

twice as effe c t i ve as Desfe ral and 5 fold more

e ffe c t i ve than L1. In the iro n - ove rloaded marm o s et ,

the most re l evant model for the ch a ra c te rization of

i ron ch e l a to rs, ICL670A induced iron exc ret i o n

w i thin a few hours of administ ration. Considera b l e

amounts of iron we re exc reted in the 24- to 48-hour

p e riod, part i c u l a rly at higher doses. In th e

m a rm o s et, at equ i valent (molar) doses, ICL670A wa s

m o re than 10 - fold more effe c t i ve than L1. ICL67 0 A

induced iron exc retion is pre d o m i n a n t ly by the fe c a l

ro u te and only a small perc e n ta ge was exc reted in

the urine. ICL670A is highly selective for iron, and

did not induce the exc retion of zinc or copper in

m a rm o s ets. Toxicity has been assessed both in ra t s

and marm o s ets. Wi th NOAELs of 65 mg p.o./kg / d ay

in males and 130 mg p.o./kg / d ay in females in the 4-

week st u d y, marm o s ets to l e ra ted the comp o u n d

well. The kidney (i.e. alte rations in the prox i m a l

tubular epithelium of both rats and marm o s ets), th e

ga st ro i n te stinal tract and the heart (rats) we re

i d e n t i fied as pri m a ry ta rget organs of toxicity in

these studies. Most of the tre a t m e n t - re l a ted effe c t s

can be re ga rded as a direct result of ex t reme iro n

d e p ri vation, as these corre l a ted well with measure d

d e c reases in liver and kidney iron concentrations in

the animals. The conclusion, that iron depri vation is

the most probable mechanism of toxicity is

st re n g thened by the fact that a similar patte rn of

n e p h rotoxicity has been observed with potent, ora l ly

a c t i ve iron ch e l a to rs of other chemical classes.

Studies perfo rmed with ICL670A in iro n - ove rl o a d e d

animals and with kidney cells in vitro f u rth e r

s u p p o rt the conclusion that most of the observe d

toxic effects re l a te to the effe c t i ve sequ e st ration of

non-heme tissue iron, which is not ex p e c ted to occur

under conditions of th e rapeutic use in patients with

i ro n - ove rload diseases. ICL670A is Ames-nega t i ve .

In the context of its safety evaluation, it wa s

f u rth e rm o re shown that ICL670A did not incre a s e

the absorption of dieta ry iron in ra t s .

O ra l ly administe red ICL670A was ra p i d ly and we l l

absorbed in rats, marm o s ets and dogs. A dispers i b l e

ta b l et was selected based on its pharm a c o k i n et i c

p ro p e rties in Beagle dogs. From this fo rm u l a t i o n

I C L 670A was ra p i d ly absorbed and maximal plasma

c o n c e n t rations we re re a ched in less than 1 hour; th e

a b s o l u te bioavailability was near 10 0 % .

I C L 670A: A Novel Ora l ly Ac t i ve Iron Chelato r

Hans Peter Schnebli, PhD

P h a rmaceuticals Re s e a rch, Nova rtis Pharma, Basel, Switzerl a n d
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Desferal® is an established and effective medication

for the treatment of iron overload. Originally 

Desferal® was administered by the intramuscular

route. This has subsequently been replaced by the

subcutaneous (s.c.) and intravenous routes which

provide better iron chelation efficiency. The current

standard treatment of chronic iron overload in 

thalassaemia is by chelation with Desferal®. It is

usually administered as a slow s.c. infusion pref-

erably over a period of 8-12 hours; 5-7 times a week.

A novel salt of desferrioxamine has been developed

with properties suitable for formulation as an

injectable depot. The rationale supporting the depot

injection is to deliver a smaller dose of

desferrioxamine over a longer period of time making

it more efficient and thus reducing the proportion of

non chelated ‘wasted’ desferrioxamine which can

be up to 90%, depending on the dose and degree of

iron overload.

The objective of the development programme is to

develop ICL749B as an injectable depot formulation

of desferrioxamine which can be used as a s.c.

bolus injection of clinically acceptable volume given

once every one or two days. Children and adoles-

cent patients will be eligible for all clinical studies

in the program.

Data from preclinical studies in animal models with

the depot formulation have shown that the duration

of action (≥ 30 h) and the cumulative iron excretion

was at least 3 times that of Desferal® given as a 

s.c. bolus injection. In patients, the pharmacokinetic

and metabolic data echo the pharmacodynamic

behaviour. Mean AUC for the depot was 6 times

greater than that of s.c. bolus injection. Duration 

of exposure to desferrioxamine was increased 

with the depot formulation; mean half-life for the

terminal elimination phase in plasma was estimated

to be 36.3 h in patients nominally dosed with 7.5

mg/kg s.c. CGH 749B, and 7.59 h, in the same group

of patients infused with 40 mg/kg Desferal® over 

8 hours.

Some slight irritation has been observed at the site

of injection in 2-w and 13-w animal toxicity studies.

No relevant systemic finding were observed in

these studies.

The clinical development of ICL749B has started 

in January 1997. The results of a Phase I single

administration study showed urinary iron excretion

of clinical relevance with all of the ICL749B doses

evaluated. On average, between 5-12 mg/kg of

ICL749B corresponded to 40 mg/kg Desferal ®

infusion, with an equivalence point of 6.7 mg/kg.

The tolerability profile was acceptable. These

results endorsed the implementation of three Ph 

IIa repeated administration studies in thalassemic

patients.Subject to the demostration of a satisfac-

tory local and systemic safety profile in the earlier

studies, pivotal trials will start in 1 Q 1999.

Nova rtis Chelato rs Pro gram: Clinical Development Up d a te

Daniele Alberti, MD

Novartis International Clinical Research, Basel, Switzerland
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Single dose Phase I studies with a new depot

formulation of desferrioxamine (CGH 749B), aimed

at providing continuous chelation without the need 

of a pump, have been completed.  The relationship

found between the pharmacokinetics and

pharmacodynamics in these studies, have been

used to model the likely plasma levels of drug and

metabolite with repeat dosing and to design the

dosing regimens for Phase II studies.  In the Phase I

studies, the tolerability profile, pharmacokinetics

and urine iron excretion (UIE) were compared over

72 h (19 patients) and 144h (10 patients) after the

administration of single subcutaneous bolus

injections of CGH 749B (five escalating doses of 2.5,

5.0, 7.5, 10.0 and 12.5 mg/kg). with that of standard

Desferal® (DFO) treatment (40 mg/kg, single

subcutaneous infusion lasting 8 h). 28 patients on

CGH 749B and 4 patients on DFO complained of

mild or moderate adverse events at the injection

site.  There was significantly prolonged release of

desferrioxamine from CGH 749B ( T1/2 =36.3 h, n=9)

and lower plasma concentrations (Cmax = 0.95, 2.2,

2.4, 3.2 and 3.5µg/ml at doses of 2.5, 5.0, 7.5, 10.0

and 12.5 mg/kg respectively.) compared with the

same patients receiving standard Desferal (terminal

elimination t1/2=7.59h), mean Cmax = 9.2µg/ml. The 

proportion of the drug bound to iron (efficiency of

chelation) prior to elimination in the urine was 

significantly higher with CGH 749B than following

standard DFO. Furthermore, unlike standard DFO,

metabolites of DFO were virtually undetectable,

compatible with less drug being available for

metabolism because of the higher chelating

efficiency.  The prolonged plasma T1/2 with

CGH749B was matched by a prolonged

pharmacodynamic effect compared with standard

DFO.  Thus while cumulative urine iron excretion

plateaud after 24-48h with standard DFO, continued

urine iron excretion could be observed with

CGH749B for 72-144h and total urine iron excretion

with a CGH 749B dose of 6.7 mg/Kg was app-

roximately equivalent to a standard dose of 40

mg/kg. Urine iron excretion with CGH 749B relative

to standard DFO was linearly related to the dose as

well as plasma area under the curve (AUC)

(p<0.006). Based on these findings, modelling

suggests that steady state plasma concentrations

will be obtained following approximately 14 daily

doses of CGH 749B. Phase II studies are in pro gre s s

to dete rmine whether this prediction is correct and

to assess the tolerability of the depot formulation

with repeat daily dosing.  

Up d a te on Depot Desfe rri oxamine (ICL749B); Implications for Chelation Re g i m e n s

J.B. Po rter1, D. Albert i ,2 I. Hassan,3 A. Racine,4 B.C. Dav i s1, V. Voi5, and A. Piga5

Un i ve rsity College London, UK1, Nova rtis Pharma Ltd., Origgio, Ita ly2, Nova rtis Pharma Ltd., Horsham, UK3,

Nova rtis Pharma Ltd., Basel, Switzerl a n d4, Un i ve rsity of Tu rin, Ita ly5
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A variety of new methods for the non-invasive

measurement of iron overload are under develop-

ment and evaluation. Clinical experience over the

past decade has shown that the available indirect

measures of iron overload (serum ferritin, transferrin

saturation, urinary iron excretion after injection of

deferoxamine) may often be misleading. The

reference method for measurement of body iron

stores is determination of the hepatic iron

concentration in a biopsy sample (of adequate size,

in the absence of cirrhosis or focal lesions of the

liver) but the discomfort and risk of biopsy have

prompted a search for non-invasive alternatives for

the assessment of body iron. New approaches to

the indirect evaluation of body iron are undergoing

clinical appraisal. In the absence of erythroid

hyperplasia, the concentration of circulating

transferrin recep-tors seems to be decreased with

iron overload. Measurement of the serum ferritin

iron has been proposed as an improved means of

estimating body iron. The underlying hypothesis is

that serum ferritin protein produced in the acute

phase response would have less iron than that

produced in response to iron loading, thus avoiding

the confounding effects of inflammation. A number

of attempts to apply magnetic resonance imaging

(MRI) to the measurement of iron in the liver and

other tissues has been made using various

instruments, magnetic field strengths, imaging

protocols, and parameters (longitudinal [T1] and

transverse [T2] relaxation times, signal intensity

ratios of liver to muscle or other tissues in proton,

T1-, T2- or T2*-weighted images). Several direct

methods for measuring hepatic iron are being

examined. The use of computed tomography (CT),

with either a single or dual-energy technique, can

potentially detect increased tissue iron by an

increase in tissue X-ray absorption. The X-ray

fluorescence of iron after exposure to a

monochromatic X-ray beam or radioactive source

has been considered for measurement in the skin,

or, using a microprobe, in other tissues. Nuclear

resonant scattering of X-ray is a method that uses

gamma rays to raise 56Fe to its first excited state

and then counts the gamma rays produced by

subsequent decay back to the ground state. At

present, measurement of magnetic susceptibility to

quantify paramagnetic ferritin and hemosiderin iron

provides the only direct and noninvasive means of

determining hepatic iron stores that has been

calibrated and used extensively in studies of

patients with iron overload. Only a limited number

of the low-TC (4.2°K) superconducting quantum

interference device (SQUID) susceptometers used

for these measurements are currently in use, in part

because these instruments are expensive and

technically demanding to operate. Efforts to develop

alternative susceptometers with high-TC (77°K)

SQUID amplifiers and detectors or with room-

temperature magnetoresistive sensors may make

magnetic susceptibility measurement of hepatic

iron more generally available.

New Appro a ches to the No n - I nva s i ve Measurement of Iron Ove rl o a d

G a ry M. Bri t tenham, MD

Columbia Un i ve rsity College of Physicians and Surgeons, New Yo rk, NY
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The labile iron pool (LIP) of mammalian cells is the

transitory iron pool which contains the metabolic

redox-active forms of the metal. It is defined 

operationally as the chelatable iron pool and viewed

as chemically and topologically heterogeneous. 

LIP comprises both iron forms ((II and III) that are:

1. weakly bound to low and high molecular weight

substances and 2. distributed among various cell

compartments and 3. sensed and ultimately

controlled by iron responsive proteins (IRPs) that

regulate expression of transferrin (Tf)-receptors and

of ferritin (Ft). 

In order to obtain a direct measure of cell LIP levels

in physiological conditions and pathological iron

overload and during chelator treatment, we used

fluorescent metalo-sensors targeted to defined cell

compartments. The fluoresceinated-EDTA analog

calcein (CAL) is a fluorescent probe which

undergoes a swift fluorescence quenching upon

stoichiometric binding of heavy metals such as iron 

and a fast de-quenching upon metal scavenging by

high affinity binding iron chelators, ICH (1,2). CAL

can be loaded into the cell cytosol via its permeant

esterified CAL-AM precursor and into lysosomes 

by pinocytosis of dextran-calcein macromolecules.

Within the cytosol, CAL binds iron from the LIP,

forming the CAL-Fe complex, which is revealed as 

a rise in fluorescence signal evoked by application

of rapidly cell-permeating ICHs. CAL-Fe is quan-

tified with appropriate calibration curves and used

for estimation of LIP (3).  K562 cells grown in

standard culture conditions contained 40-70 (M total

iron, of which 0.4-0.8 (µM was associated with an

ICH-accessible component defined as the major 

LIP (MLIP). An additional, but minor, LIP (mLIP) of

~0.2 (M cell iron, was revealed as an ICH-accessible

component which is apparently in slow equilibrium

with MLIP.  MLIP levels were shown to be markedly

affected: a. by the nature and extent of cell iron

loads, such as in cells acutely or chronically

exposed to inorganic iron salts (1-3), b. by oxidant

and reductant stress (4,5), c. by the cytosolic iron

buffering capacity, which could be modulated by

ferritin in MEL cells engineered to express heavy

chain-Ft subunits in an IRP-independent manner 

(6) and d. by treatment with ICHs (2,7). Based on

these and other studies we concluded that contin-

uous monitoring of cell CAL fluorescence can 

provide a dynamic and quantitative measure of a

major component of the cytosolic cell LIP (3). 

The CAL method of LIP detection allowed the 

quantitative analysis of ICH permeation into cells

and its accessibility (rate and amplitude) to MLIP

(2,7). These properties were shown to be dictated

by the ICH’s permeation coefficient and iron 

binding capacity (affinity and conc.) (7). Moreover,

the principle of CAL quenching by iron and of 

CAL-Fe de-quenching by ICHs, were also adapted

as extra-cellular devices for assessing: 1. trans-

epithelial movement of ICHs; 2. secretion of iron

from cells and 3. NTBI levels in sera of iron

overloaded patients. 

References. 1. Breuer, W. et al. (1995). J. Biol. Chem. 270:

24209-24215. 2. Cabantchik, Z.I. et al. (1995). Anal. Biochem.

233:221-227; 3. Epsztejn et al. (1997)). Anal. Biochem. 248:31-

40; 4. Breuer VW, Epsztejn S. and Cabantchik ZI. (1996).

FEBS Lett. 382:304-308. Breuer; 5. W., Greenberg, E. and

Cabantchik, Z.I. (1997. FEBS Lett. 403:213-219; 6. Picard et al.

(1998). J. Biol. Chem. 273:15382-15386; 7. Zanninelli, G. et al.

(1997),  Mol. Pharmacol. 51: 842-852.
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The safety evaluation of iron chelators is a subject

that needs  particularly careful consideration, as 

the normal objectives of chronic toxicity may not be

adequately addressed by a simple rodent study of

the type normally carried out in the rat or mouse.

This is because the question that is being asked is

not just whether the compounds themselves exhibit

toxicity, under conditions of a normal iron loading 

in vivo, but rather whether they will exhibit toxicity

under conditions of iron overload.

Central to the safety evaluation of chelators is the

selection of a species in which iron overload will

produce the same major pathologies as are seen 

in man. With the recent identification of the 

Mongolian gerbil as the only rodent species which

develops both hepatic fibrosis and cardiofibrosis in

response to iron overload, it is particularly relevant

to determine the response of this species to iron

chelators, under conditions of iron overload. A 

preliminary study with the bidentate hydroxypyri-

dinone iron chelator CP 94 has been carried out

over a period of up to 20 weeks in the Mongolian

gerbil, where the chelator and the iron have been

administered over the same period, but not as an

iron chelated complex. The initial inhibition of iron

accumulation in the liver by CP 94, for the first 6

weeks was not maintained at 20 weeks. Further-

more, both at 6 and 20 weeks there was a signifi-

cant increase in the levels of cardiac iron in animals

treated with iron and chelator. This was accompa-

nied by an increase in cardiofibrosis at 20 weeks

and also in liver damage to produce micronodular

cirrhosis. Although the increased cardiotoxicity was

related to increased levels of cardiac iron, the

increase in hepatotoxicity occurred in the absence

of any increase in liver iron levels above the control

levels found with iron alone treatment. The impli-

cations of this study are that the gerbil is suitable

as an experimental species, able to detect tissue

redistribution of iron under chelating conditions,

and produces the same pathology end points seen

in man during iron overload.

Toxicological Evaluation of Iron Chelato rs

Philip Carth ew, PhD
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Delocalization of transition metals, especially iron

and copper, can occur in a number of clinical

disorders. One under consideration here—ischemia/

reperfusion [I/R]—is also associated with enhanced

production of activated oxygen species, leading to

the possibility of metal-catalyzed free radical

reactions. The importance of the latter is indicated

by numerous observations that administration of 

chelators such as desferrioxamine (which has high

affinity for iron but also will bind other metals such

as copper) will moderate organ damage arising 

from experimental I/R. Despite years of research in

this area, the source(s) of delocalized transition

metal (iron and, possibly, copper) and of activated

oxygen production remain largely unknown.

Nonetheless, it does appear that transition metal

chelating drugs may have some future application

in therapy of I/R injury. This conclusion should be

tempered by the fact that, in many experimental

models, chelators must be present at the time of

reperfusion and such precise timing may be

impossible in many clinical circumstances.  

The possible involvement of chelatable transition

metals in diabetic vasculopathy and peripheral 

neuropathy is indicated by recent observations in

experimental rodent models of diabetes that sev-

eral transition metal chelating drugs will, in vivo, 

(i) restore normal neuronal blood flow, (ii) reverse

defective nerve conduction velocity and, (iii) in vitro,

normalize defective acetylcholine-mediated arterial

relaxation (which is dependent on nitric oxide 

[NO] produced by the endothe-lium). As a possible

explanation for these salubrious effects of chelators,

we hypothesized that, upon reaction with sugars

such as glucose and fructose, glycated derivatives

might form which were capable of binding

transition metals such as copper and iron and,

perhaps, support reduction/oxidation reactions

involving the bound metal. Inasmuch as the long-

lived proteins of the internal elastic lamina (collagen

and elastin) are heavily glycosylated in diabetics,

should these form ‘glycochelates’ in vivo it might

lead to the genesis of a metal-rich barrier

immediately below the endothelium which would

catalytically decompose NO compounds. In partial

support of this hypothesis: (1) Upon glycation (with

either glucose or fructose), the three proteins we

have investigated—albumin, gelatin (a soluble

fragment of collagen) and elastin—all acquire a

substantial binding affinity for both iron and

copper. (2) When glycated proteins with bound

metal are incubated with ascorbic acid, substantial

metal-catalyzed oxidation of ascorbate ensues. (3)

Perhaps more importantly, these glycochelates—

especially those containing copper—effect the rapid

catalytic decomposition of nitrosothiols (such as

nitrosocysteine), the likely transport form of NO.  In

vivo, such metal-catalyzed decomposition of

nitrosothiols could impair endothelium-dependent

vascular relaxation, producing a state of diminished

peripheral blood flow. The possible in vivo

accumulation of such ‘glycochelates’ within the

internal elastic laminae of arteries may help explain

the diminished peripheral neural blood flow and

decreased nerve conduction velocity in diabetics.

Should this hypothesis prove to be true, admin-

istration of transition metal chelators may hold

substantial promise for the alleviation of diabetic

vasculopathy and peripheral neuropathy.

M etal Chelation, Isch e m i a/Re p e rfusion and Diabete s
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A) Deferoxamine (DFO) therapy does not influence

the overall incidence of bacterial infection but it

enhances the risk of infection by Yersinia entero-

colitica or Y. pseudotuberculosis. More importantly,

DFO  increases the risk of zygomycosis (“mucor-

mycosis”). Our registry (1,2) disclosed 49 dialysis

patients on DFO who developed this infection 

(generalized in 49%, fatal in 90%). DFO and also its

ferrated form FO aggravated experimental infection

caused by the zygomycete fungus Rhizopus (3).

Addition of 0.01 µM55 Fe-FO to a serum-containing

medium resulted in radioiron accumulation by 

and growth stimulation of Rhizopus and Cunning-

hamella (2,4), indicating that this infection is

siderophore-mediated. The enhanced risk of DFO-

associated zygomycosis in dialysis patients as

opposed to non-uremic hematological patients is

due to the prolonged FO serum half-life in uremia

(5). The hydroxypyridinone chelators CP20 & 

CP94 do not enhance the risk of zygomycosis (6).

Although FO may also somewhat enhance the in

vitro growth of the non-zygomycete fungi A.

fumigatus or C. neoformans, this does not result in 

clinical infection (2).

B) During HIV infection, particularly in its more

advanced stage, iron accumulates in macrophages,

microglia, endothelial cells and myocytes, resulting

in an iron burden in bone marrow, brain, muscle,

liver and spleen. Main causes of this iron excess

are the chronic inflammatory response that involves

iron withholding, and blood transfusion (7). 

Consequences of this iron excess are: 1° increased

oxidative stress, activation of NFkB and enhanced

transcription of HIV (8). Accordingly, patients with

the haptoglobin 2-2 phenotype, who accumulate

more iron, have higher HIV-1 RNA plasma levels

and a significantly worse survival than haptoglobin

1-1 or 2-1 patients (9); 2° impairment in function of

granulocytes and macrophages and in cell-mediated

immunity; 3° stimulated growth of microorganisms,

including AIDS-opportunists; 4° an increased risk 

of HIV-related tumours, such as Kaposi’s sarcoma.

Spindle cells from these tumours in culture grow

better in the presence of iron and are growth-

inhibited in the presence of iron-chelators (10). 

As a practical consequence, studies are needed 

on the possible usefulness of an adjunctive 

anti-HIV strategy that prevents iron loading by: 

1° targetting patient populations at special risk of

iron loading, e.g. haptoglobin 2-2 patients (9); 

2° restricting iron intake through parenteral,

alimentary and respiratory routes (7); 3° using

drugs such as chloroquine that may limit deposition

of iron in the reticulo-endothelial system (11); 4°

prudently using an iron chelator. One study in 

thalassemics showed that HIV infection showed

less progression when the patients were treated

with an effective dose of DFO (12).

(1)Boelaert et al, Am J Kidney Dis 1991; 18: 660; (2) Boelaert et

al, J Infect Dis 1994; 169: 231;(3) Van Cutsem et al, Kidney Int

1989; 36: 1061; (4) Boelaert et al, J Clin Invest 1993; 91: 1979; 

(5) Verpooten et al, Nephrol Dial Transplant 1992; 7: 931; 

(6) Boelaert et al, Kidney Intern 1994; 45: 667; (7) Boelaert et al,

Infect Agents Disease 1996; 5: 36; (8) Sappey et al, AIDS Res

Hum Retrovir 1995; 11: 1049; (9) Delanghe et al, AIDS 1998;

12:1027; (10) Simonart et al, Int J Cancer 1998, in press; 

(11) Leggsyer et al, 1998 meeting of the European Iron Club,

abstr; (12) Costagliola et al, Br J Haematol 1994; 87: 849.
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Malaria is one of the major health problems globally

and an urgent need for the development of new

antimalarial agents faces the scientific community.

A considerable number of iron (III) chelators,

designed for purposes other than treating malaria,

have anti-malarial activity in vitro. Examples

include the hexadentate trihydroxamic acid,

desferrioxamine, and the bidentate

hydroxypyridinone, deferiprone. Such chelators

enter the erythrocytic parasite and bind labile iron

within the parasitic cytosol. Their mechanism of

action appears to involve the withholding iron from

vital metabolic pathways of the intraerythrocytic

parasite, and it is also possible that they might

enhance host macrophage function.  Certain iron (II)

chelators also have anti-malarial activity, but the

mechanism of action appears to be the formation of

toxic complexes with iron rather than the

withholding of iron.  Several of the iron (III)

chelating compounds have anti-malarial activity in

animal models of plasmodial infection.  Iron

chelation therapy with parenteral desferrioxamine

has clinical activity in both uncomplicated and

severe malaria in humans.  Oral deferiprone does

not have activity in animals or humans, possibly

due to limited peak plasma levels and rapid

clearance from the plasma.  Efforts to design iron

chelators specifically for the treatment of human

malaria would seem to be in order.

I ron Chelation as a Therapeutic St ra tegy for the Treatment of Malari a
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Prior to two decades ago studies of iron metabolism

and its chemistry were largely descriptive. The

modern era may be said to have begun with

determination of the crystal structure of horse

spleen ferritin, elucidation of the major features of

the transferrin-to-cell cycle in iron metabolism, and

recognition of the regulatory events in expression 

of the transferrin receptor and ferritin, proteins 

controlling the uptake and storage of iron by cells.

Accelerating progress in more recent years has 

led to identification of the long-sought hemochro-

matosis (HFE) gene, the intestinal iron-transporter

gene (Nramp-2), and the functional association of

the hemochromatosis gene product with ß2-

microglobulin and the transferrin receptor. Still

awaited are the 3-D structures of the transferrin

receptor and the transferrin-transferrin receptor

complex.

Inevitably, answers to long-standing questions 

have generated new questions, unforeseeable a 

few years ago and not yet answered. What is the

normal function of the hemochromatosis gene, 

and what are the roles of  ß2-microglobulin and 

the transferrin receptor in this function? What are

the roles of cytokines and the immune system in

regulation and function of proteins of iron meta-

bolism? How and in what form is iron exported

from cells where it is stored, recovered from 

senescent or damaged red cells, or absorbed, and

how is such export regulated?  Questions abound,

and inevitably provoke research and new 

understanding.

Progress in the clinical realm has been less 

dramatic. Reliable and economically feasible 

noninvasive assessment of iron overload is still

problematic. It is not clear whether iron overload

and iron toxicosis parallel each other in more or 

less linear fashion before, during and after

treatment. Evaluating efficacy of chelation therapy

is not entirely simple and straightforward. The long-

sought oral chelator that is safe and effective is 

not yet at hand, although leads toward this goal

continue to appear in encouraging manner. 

Disorders of iron metabolism are among the most

common of human ills, and their effective

management remains a persistent concern of

modern molecular medicine. 

I ron Metabolism in Health and Disease: Problems and Pe rs p e c t i ve s
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