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Retinal neovascularization is the major cause of untreatable blindness. The role of growth 
hormone (GH) in ischemia-associated retinal neovascularization was studied in trans- 
genic mice expressing a GH antagonist gene and in normal mice given an inhibitor of GH 
secretion (MK678). Retinal neovascularization was inhibited in these mice in inverse 
proportion to serum levels of GH and a downstream effector, insulin-like growth factor-l 
(IGF-I). Inhibition was reversed with exogenous IGF-I administration. GH inhibition did not 
diminish hypoxia-stimulated retinal vascular endothelial growth factor (VEGF) or VEGF 
receptor expression. These data suggest that systemic inhibition of GH or IGF-I, or both, 
may have therapeutic potential in preventing some forms of retinopathy. 

Neovascularization, the final common 
pathway in diabetic retinopathy, retinop- 
athy of prematurity, and age-related macu- 
lar degeneration can cause vision loss. Sur- " 
gical ablative treatments are incompletely 
effective and destroy retinal tissue, causing 
partial visual field loss. Retinal neovascu- 
larization remains the most frequent cause 
of blindness (1, 2). 

A role for a pituitary-associated factor in 
diabetic retinopathy was hypothesized near- 
ly 45 years ago when retinal neovasculariza- 
tion in a diabetic ~ a t i e n t  was found to 

altered levels of GH. Neovascularization 
was induced (I  I )  in two transgenic mouse 
lines. The first, G119K, expresses a GH 
antagonist (Gly119 to Lys in bovine GH), 
which results in a dwarf phenotype. The 
second line, El 17L, expresses a GH agonist 
(Glu117 to Leu in bovine GH) and exhibits 
a giant phenotype (12). There was a 34% 
decrease in neovascularization (13) in G H  
antagonist mice at postnatal day 17 (P17) 
compared to nontransgenic littermates 
(P 5 0.0026) (Table 1). However, trans- 
genic mice expressing the GH agonist 

regress after pituitary infarction (3). For a 

El  17L had no increase in retinal neovas- 
cularization compared to controls (Table 
1). As assessed by histologic examination 
of ocular cross sections, the neovascular 
response of controls (Fig. 1A) was sup- 
pressed in G H  antagonist transgenic mice 
(Fig. 1B). In controls, significant areas of 
neovascularization were also detected in 
flat-mounted whole retinas (Fig. 1C) that 
were perfused with a nondiffusable fluores- 
cein-dextran solution that fills all vessels 
(14). Neovascularization is diminished in 
G H  antagonist G119K retinas (Fig. ID). 
No abnormal retinal or vascular develop- 
ment or toxicity was detectable by light 
microscopy. 

We also investigated the effect of 
MK678, an SS analog that potently inhibits 
GH release, on retinal neovascularization in 
nontransgenic mice. MK678 is long-acting 
and is specific for the SS subtype 2 receptor 
(15). Retinal neovascularization was re- 
duced up to 44% in mice systemically treat- 
ed with MK678 compared to untreated con- 
trols (1 6). The extent of inhibition depend- 
ed on the MK678 dose (Table 1). In both 
the G119K transgenic and MK678-treated 
mice (Table I), the extent of neovascular- 
ization correlated inversely with G H  and 
IGF-I levels (1 7). 

The mean serum IGF-I level was 33% 
less in GH antagonist mice than in controls 
(P 5 0.0001) and 83% greater in GH ago- 
nist mice than in controls (P 5 0.027). 

tosiati; (SS) analogs to treat diabeiic reti- 
nopathy have been inconclusive (7). 

To investigate the role of the GH-IGF-I 
S S  axis in ischemia-induced retinal neo- 
vascularization and its interaction with 
VEGF, currently viewed as a major effector 
of neovascularization (8-10). we studied 
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this process in mice with experimentally 
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Fig. 2. Linear association between serum IGF-I 
and retinal neovascularization in mice treated with 
MK678 (18). y = 0.137~ + 2.32 [y = average 
number of vascular nuclei per section per mouse, 
x = serum IGF-I level (ng/ml)], P = 0.877, SEE = 
4.76, P < 0.001. 

Mean serum G H  levels from MK678-treat- 
ed mice declined in proportion to the dose 
of MK678 (Table 1). IGF-I levels in mice 
treated with MK678 correlated strongly 
( 18) with neovascularization as determined 
by simple linear regression analysis (Fig. 2). 

The role of G H  in hypoxia-induced ret- 
inal neovascularization was also examined 
directly by treating MK678-treated mice 
with exogenous GH. Mice were coinjected 
subcutaneously with MK678 and murine 
recombinant G H  (mrGH) three times a day 
to approximate the normal pulsatile release 
of GH. Even with incom~lete restoration of 
GH, the average number of neovascular 
nuclei per section per eye was increased 
from 56% of saline control to 64% of con- 
trol (P 5 0.04), suggesting that MK678 
suppression of retinal neovascularization 
was mediated at least in part through G H  
suppression. In parallel studies, retinal neo- 
vascularization was induced in mice treated 
with both MK678 and human recombinant 
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cularization, lmmunoblot analysis of total protein from retinas of (A) 
room-air control mice (lane 1). neovascularization-induced control mice 
(lane 2), and neovascularization-induced GH antagonist (GI 19K) mice 3684 1) -' 
(lane 3). (B) Neovascularization-induced untreated control mice (lane 1) 
and neovascularization-induced MK678-treated mice (lane 2). Lane 4, 1 2 3  4 5  
VEGF (23 kD) molecular size standard (2 ng). (A) The relative intensity of 
lanes normalized to lane 2 was 5996 (lane 1), 100% (lane 2), and 96% (lane 3). (6) The relative intensity 
of lanes normalized to lane 1 was 100% (lane 1) and 105% (lane 2) (19). (C) Northem blot of total mRNA 
in GH-inhibited and control retinas, probed fortranscripts of VEGF[3700 base pairs (bp)], Flk (6100 bp), 
and 3684 ribozome-associated control (1200 bp). Retinas (at least 22 per lane) were pooled for 
extraction of total RNA from room-air-exposed normals at PI 4 (lane I), neovascularization-induced 
controls at PI4 (lane 2) and PI 7 (lane 4), and neovascularization-induced MK678-treated mice at PI 4 
(lane 3) and PI7 (lane 5). Arrows indicate the ribosomal 28s and 185 mRNA markers. The relative 
intensities of Flk to 3684 were 0.18 (lane I), 0.21 (lane 2), 0.23 (lane 3), 0.1 9 (lane 4), and 0.30 (lane 5). 
The relative intensitiesof VEGFto 3684 were 0.06 (lane 1), 0.13 (lane2), 0.15 (lane3), 0.15 (lane4), and 
0.16 (lane 5) (27). 

IGF-I (hrIGF- 1 ) (Table 1 ). Replacement of 
serum IGF-I completely restored neovascu- 
larization to control levels in MK678-treat- 
ed mice, suggesting that the G H  effect was 
mediated in large part through IGF-I. Ex- 
ogenous IGF-I alone did not increase neo- 
vascularization over control levels (Table 
1). 

The levels of VEGF, a major stimulus for 
retinal neovascularization, increase in 
mouse retina 6 to 12 hours after the onset of 
hypoxia and remain elevated during the 
induction of neovascularization. To exam- 
ine whether the GH/IGF-I effect on neo- 
vascularization was mediated directly 
through VEGF, we evaluated P14 (near 
maximum VEGF mRNA response in this 
model) and P17 (maximum neovasculariza- 
tion) retinas from MK678-treated or con- 
trol mice by Northern blot (19) for VEGF 
and for VEGF receptor (Fk-1 ) transcripts. 
In mice with hypoxia-induced retinal neo- 

vascularization, neither MK678 treatment 
nor G H  antagonist transgene expression 
(20) inhibited VEGF or F k  mRNA levels 
compared to controls at P14 or P17 (Fig. 
3C). Immunoblot analysis (2 1 ) showed no 
difference in VEGF levels at P17 (Fig. 3A) 
or P14 (20) between transgenic G H  antag- 
onist mice (G119K) or controls, nor be- 
tween MK678-treated and untreated mice 
at P17 (Fig. 3B) or P14 (20). These results 
suggest that the hypoxia response of VEGF 
was intact in all models tested. 

Our results indicate that inhibition of 
G H  can inhibit ischemia-induced retinal 
neovascularization in vivo. Neovasculariza- 
tion in animals with inhibited G H  secre- 
tion was completely restored with exoge- 
nous IGF-I. This is consistent with the hy- 
pothesis that the inhibition of retinal neo- 
vascularization by SS agonists is mediated 
by a direct lowering of G H  levels resulting 
in a subsequent decrease in IGF-I synthesis. 

Table 1. Inhibition of GH in vivo inhibits ischemia-induced retinal neovas- agonist El 17L transgenic mice (84) and nontransgenic littermate con- 
cularization in mice. Retinal neovascularization was induced in nontrans- trols (B3) were evaluated similarly. C57BL/6 mice (C1 to C7) were evalu- 
genic littermate mice (Al) and GH antagonist GI 19K transgenic mice ated similarly after MK678 treatment (16). NS, not significant; ND, not 
(A2) (1 1). Eye sections were evaluated for neovascularization (73). GH determined. 

No. Mouse Treatment n Avg. neovascular nuclei 
per section per eye 2 P (% of control) GH (ng/ml) 2 SD IGF-1 (~g/ml) 2 SD 

(eyes) SEM (% of control) (% of control) 

Control 
G119K 
Control 
El 17L 
C57BL/6 
C57BL/6 
C57BL/6 
C57BL/6 
C57BL/6 

C57BL/6 

C57BL/6 

Nontransgenic 
Transgenic: GH antagonist 
Nontransgenic 
Transgenic: GH agonist 
Saline 
MK678: 0.06 mg kg-' day-' 
MK678: 0.6 mg kg-' day-' 
MK678: 6.0 mg kg-' day-' 
MK678: 6.0 mg kg-' day-' 

+GH: 180 ~g kg-' day-' 
MK678: 0.6 mg kg-' day-' 

+IGF-1 : 20 mg kg-' day-' 
IGF-1: 20 mg kg-' day-' 

With respect to control. 
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Ho.ive~,er, ive cannot rule out other mech- 
anisms, ~ ~ 1 ~ 1 1  ah direct and ~ndirect  effects of 
GH and SS analogs specific to receptor 2 
(22) .  Although VEGF is a n  important hy- 
posia-induced mecl~ator for retinal neovas- 
culariraticin, i)ur s tud~es  indicate that in111- 
l i i t~i>n tit GH secretion or action did not 
reduce the hypos1a-in~1uced VEGF mRNA, 
or protein levels In x-i~,o. Tlius, IGF-I and 
\.EGF ma\- have Llistinct functions in the 
cc)ntrol of angiogenebis buch as acute osy- 
qen regu1,ition (L'EGF) y.er.;us control of 
11eova.qculari:ation o n  the babis of availabil- 
itv of 11utrie1lts tor cell diy-lsion IIGF-I). 

No signiflca~lt i~lcrease 111 neovasc~ilar- 
 ration n as observed ivith the increaseJ GH 
1e.i-cli in piant E l  17L t ra~lsge~l ic  mice. Tlus 
o l~se rva t~on  ih in  agreement 1%-it11 cli~lical 
stuclles. Patlenti ivith overesr~ression of GH 
( a ~ r o m e g ~ ~ l y )  \\,it11 or \\,ithour c o ~ ~ c o m i t a ~ ~ t  
illabetez do not have a n  ~~lcreasei i  i~~c ic le~ lce  
o t  retini~pathy (23) .  There is a lmear cor- 
r e l a t~on  l.et\\een serLiill IGF-I I e ~ e l s  and 
retinal neo~~ascu1ari:ation 111 GH-inhibited 
mlce at ion. and n o r ~ l ~ a l  serum IGF-I lewls 
( F y .  2 ) .  I-Io.ivever, aclciition of exogenous 
IGF-I to a~igment  serum levels iiici not 111- 

crease retinal neor.asculariration. These 
Ja ta  suqe3t a permiss i~e role in retinal 
nec-i\-as~ulari:~~tio~l for both GH and IGF-I, 
v i t h  a plateau in response a t  11i~her doses. 
IGF-I receptors are iiistrihuted \\.idel\- in the 
e\-e and, althougli present in vascular cells, 
they precion~inate in the  n e ~ ~ r a l  retina (24). 
Thus, the mechanism ot  action o t  IGF-I o n  
the  L l e ~ - e l o ~ m e n t  of retinal neovascu1ari:a- 
t ian I ~ C I \ -  17e co~llplex and inilirect. 

In our n-del of aggressive retinopathy, 
neo~~asc~~lari_atio~~riatio 11 as only partially sup- 
pressed by inhil~ition o t  GI<. Insufticient 
reLlucri~)n ot GI< anii serum IGF-I levels or 
GH-inclepenLlent local IGF-I prociuctio~l 
may c ~ c c o ~ ~ ~ l t  for the partial inhihition, as 
co~i ld  the  possibility that the  GI<-IGF-I 
asia la  old\- one of multiple control mecha- 
nians re~ulat ing n e o ~ a s c u l a r i ~ a t ~ m  H o w  
ever, the  iL? to 44"o inhihition ot neovas- 
cular~:at~c)n that nre obser~ei l  in nlice treat- 
ed .ivith hIK67d 11-oulJ be clinically signifi- 
cant.  T h e  therapeutic effect is comparable 
to that ol~~er.i-ed ~n the clinical trials that 
e v c ~ l ~ ~ a t e i l  laber scatter photocoagulation 
anii crYotheraly for Jiabetic retinopathy 
,rncl retinopath\- of prematurity, respectively 
(23) .  In this nlodel inhibition of a, inte- 
grins (iio~vnstream of \ 'EGF and baslc fihro- 
l~las t  gro~vth L~ctor ancl perhaps other effec- 
tors) greatly reiiuces reti l~al neovasc~~lariia- 
t ~ o n  (26) .  Inh~b i t ion  of either I'EGF or GH 
results in comparable reduct~ons In retinal 
neova~cul~~ri :a t im.  Inhibition of any one 
path.ivay may yreferent~all> atfect neovascu- 
lari:ation in d ~ f k r e n t  patholologic (retinop- 
athy, tumor grolvth) and beneficial (n.ound 
healing, repair of i,schenlic myocariiium, 

ovulation anL1 fetal developmerit) procebseb. 
Isolateii GH L1ef~c~encv in liumans aLmears 

L L 

to allow cn~aluation and fetal development 
(27) .  Thub inhihitors of GH and IGF-I ac- 
tion may he ubeful for in111l~it1c)n ot  neoyxs- 
cular~:ation in specific vascular areas alone 
or when g1.i-en in  conju~iction wit11 other 
angiogenic inhihitors. 
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to nccate  error of :lie regresson n e  Two-ta lec 
values ~ 0 . 0 5  %Jdere corsderec to be statlstlcaly slg- 
nfcant by use of SPSS sofbware (6.1: 'SPSS Chlca- 
go, L ) .  
Twert), lnlcrograrrs of total RNAfrom each t r r e  pont 
were separatec by eectrophoress on formalceh)/ce- 
agarose gels and trans'erred to Botrans nylon me'n- 
branes (CN,  Costa Mesa. CAI that were crossnked 
w~ th  uItra\!~olet ght (Stratanker 1800. Stratagene). 
DNA probes were preparec frorr hurran 'JEGFcDNA 
arc  m3use Flk cDNA by randoln hexamer labeno 
and [cu-?iP]deoxycyt~c~ne 5'-trphosphate (New En- 
gland Nuclear, Boston. MA]. A,ltoradographs were 
analyzec on a Phosphorlmager (Molecular Dynamcs) 
and quanilfed w~ th  ImageQuant 2hosphorlmager 
(Moecuar Dynarrcs); FT-s-he :yosrpe %17ase (fir) 
rrRNA was uicetectabe on Nortl~ern blot under all 
concltlons 
L E. H. Smith. ~ ~ n p u b s h e d  cata. 
Total retna proten (at P I 4  or P I  71 frorn 8 to 12 
anrra,s for each conc tlon was prepared n SDS 
sample b k e r  and resolved by 7.S53 SDS-poyacry+ 
amde gel e1ec:rophores s, anc 50-kg sarnpes were 
then transferred to l~nmobilon-P melnbranes Blots 
were probed w ~ t h  affnty-pur1'1ed rabbt artboc\/  to 
r o u s e  VEGF and goat antbocy to rabbt mmul-o- 
g o b u n  G-borseracsi peroxdase (Vector Labs, 



Burngame. CA) v~suazec w ~ t h  ECL (Amersharr. 
Arl~ngton He~ghts L I  and quant~fiec w ~ t h  mage- 
Quant (Mo ecu ar D)/narrcs). 
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Regulation of Mitochondria1 Iron Accumulation 
by Yf h l  p, a Putative Homolog of Frataxin 

Michael Babcock, Deepika de Silva, Robert Oaks, 
Sandra Davis-Kaplan, Sarn Jiralerspong, Laura Montermini, 

Massimo Pandolfo, Jerry Kaplan* 

The gene responsible for Friedreich's ataxia, a disease characterized by neurodegen- 
eration and cardiomyopathy, has recently been cloned and its product designated 
frataxin. A gene in Saccharomyces cerevisiae was characterized whose predicted protein 
product has high sequence similarity to the human frataxin protein. The yeast gene (yeast 
frataxin homolog, YFH1) encodes a mitochondrial protein involved in iron homeostasis 
and respiratory function. Human frataxin also was shown to be a mitochondrial protein. 
Characterizing the mechanism by which YFHl regulates iron homeostasis in yeast may 
help to define the pathologic process leading to cell damage in Friedreich's ataxia. 

Friedreich's ataxia (FRDA) is an  autosom- 
a1 recessive degenerative disease character- - 
ized by progressive gait and linlh ataxia, 
signs of axonal sensory neuroyathy, yyrami- 
dal weakness of the  legs, a i d  dysarthria (1 ). 
A hyyertrophlc cardiomyopathy is fouild in  
almost all affected individuals i 1 .  2) .  Dia- 
betes mellitus accompanied by a loss of 
pancreatic p cells is seen in  about 10% of 
the  cases, carbohydrate illtolerance is 
present in an  additional 20%, and all pa- 
tients shon. ahnormal insuli~l secretion in 
response to amino acid stimulation (3) .  

T h e  molecular defect in  FRDA was 
identified as a deficiency of frataxin, a small 
protein (210 amino acids) whose f~mct ion  
could not  be identified by amino acid se- 
quence analysis (4 ) .  Frataxin deficiency 
inay occasionally be traced to nonsense, 
splice site, or missense point mutations, but 

the  primary cause is the  hyperexpansion of 
a polyinorphic GAA trinucleot~de repeat 
situated in  the  first illtroll of the corre- 
sponding gene, which results in  a inarked 
reduction in the  steady-state level ot mature 
frataxin m R K A  (4 .  5). R K A  analysis of 
frataxin expression in a d ~ ~ l t  human t i s s~~es  
(4)  and 111 situ 11yhridi:ation stuiiies 111 the  
mouse (6)  suegested a direct correlatio~l 
betlyeen the  pattern of degeneration oh- 
served in the disease and the  sites of 
frataxin transcription, ~vh ich  is highest in  
heart, spinal cord, a i d  dorsal root ganglia. 
A recent study vrouosed that hataxin naq 

, A  . 
encoded in a larger trailscriptional unit 
than originally thought, and that its gene 
was in  fact part of the  neighboring STM7 
gene, which was transcribed in the  same 
direction and encoded a phosphaticiylinosi- 
to1 4-phosphate 5-kinase (7) .  Ke\v evidence 
sugeests that the  inclusion of STM7 se- 
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elegans, and a n  anonymous open reading 
frame (YDL12@\v) in Sn~chnrorn~ces cerezmi- 
siae (6, 8 ) .  T h e  predicted yeast frataxin 
homoloir was i n d e ~ e n d e n t l ~  identified as a 
multicoyy suppressor of a mutant (bm-8) 
that \vas unable to grolv o n  iron-limited 
medium. T h e  bm-8 m ~ ~ t a n t  mas trailsformed 
n i t h  a gellonlic l~brary, and a cloile was 
identified that r7artiallv overcame the  lox-  
isoil grorvth dekcit (9): T h e  region respon- 
sible for the  complementing activity mas 
identified by suhcloning the  open reading 
frame YDL120\v o n  chromosome I\' (1 0). 
BLAST analvsis of this secruence identified 
tn.o proteins with high sequence similarity, 
the predicted product of a n  anonymous 
open reading fraine in  the C .  elegnns ge- 
nome and human tl.ataxin. W e  Lietermined 
that YFHl mas not  allelic to bm-8. First. n o  
co~llple~llell tatiol~ was seen when b~n-8 was 
trailsformeil x i t h  YFH1 o n  a centroineric 
plasmid. Second, allelic segregation demon- 
strated that a LEV2 marker ~ntegrated next 
to the  chromosomal copy of I'FHI segregat- 
ed axay from bm-8 (1 1 ). Third, the  gene 
allelic to bm-8 mas cloned by oeilomic , L 

coillplellle~ltatioi~ anti the open readillg 
frame (\r'MR134\v) localized to chromo- 
solne XIII. A l t h o u ~ l ~  these results Jemon-  
strate that YFHl \vas not  responsil~le for the  
phenotype of bm-8, the  fact that overex- 
PressLon of YFHl allel~iated the  bin-8 lox-  
iron gro~vth defect suggested that ~t n.as 
involved in iron metabolism. 

T o  deflne the function of YFHI, we dis- 
rupted the chromosomal copy by inserting 
the HIS3 auxotrophic ~llarker into the open 
reaciing frame (1 2) .  Disruptants were select- 
ed and i i e l e t io~~  of YFHl confirmed by 
S o ~ ~ t h e r n  (DNA)  an;~lysis. T h e  l r j%l  ($11 :: 

HIS3) strain showed a severe o r o ~ t h  deficit 
o n  fermentable carbon sources regardless of 
Iron concentration. T h e  deletion strail1 n.as 
unable to grow o n  rich me~i i~um containmg 
glycerol and ethanol (YPGE) as the carhon 
source, suggesting that 1$11 was unable to  
carry out oxidative phosphorylation. T h e  
ciisrut7tant was also unable to erorv o n  any 
media at 37°C. T h e  respiratory incompe- 
tence of l y % 1  a-as co~lfirlned by demonstrat- 
ing a severe reduction in oxygen consump- 
tion, even in cells gr0n.n in rich rnecii~um 
(13).  \We hypothesized that the cells 
\Yere ullahle to gron. o n  fermentable carbon 
sources as a result of the generation of rho- 
mutants. These rho- mutations are character- 
ized hy defects in or loss of mitoclloniirial 
D N A  and an  iilabilitv to carrv out oxidative 
phosphorylatioi~, ~ a c k  of gron.tll o n  respira- 
tory substrates in l$11 was sholvn to be the 
result of a loss of mitocl~ondrial Dr\"4. Dip- 
loids generateci from a cross between lyfl11 
and lvild-type cells were respiratory compe- 
tent, whereas diploiLis from lyfl11 and a rho 
tester strain (rho") were unahle to grow on 
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