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The Pathogeriesis of Hyperuriceliiia in Glycogeli 
Storage Disease, Type I 

~ \ f t c r  the i n f u s i o ~ ~  of f r ~ ~ c t o s e ,  0.25 g/kg I~ocly \r.eight, 1)loocl 
uric acid Icvcls \rere s ig l~i f ica~~t ly  il~cre:~secl aljovc the llleall Ilasal 
value in five patients with g l y c o g e ~ ~  storage clisc;~sc (GSI)),  l g ) e  
I (I' < 0.02-1' < 0.05). '1'11~ rllearl fasting I)lootl i ~ ~ o r g : ~ n i c  
phospl~atc  (I'i) level in the ~ ) : ~ t i e ~ ~ t s  \r.:~s 3.9 + 0.3 111g1100 1111 S I I ~  

was significa~~tly lo \ \cr  t11a11 the lrlearl I'i value of 4.8 + 0.3 I I I ~ /  
100  1111 of t l ~ e  c o ~ ~ t r o l  su1)jects (I' < 0.05). Blootl Pi levels were 
s ig~~ i l i c ; l~~ t ly  lower in t l ~ c  1);1fie11ts than in t l ~ c  c o ~ ~ t r o l  sul)jects at  
varjing ti111cs after t l ~ c  a t l ~ ~ ~ i n i s t r a t i o l ~  of fructose ( P  < 0.005-1' 
< 0.05). Uric ;~cicl c s c r c t i o ~ ~  clicl 1101 il~crcasc s i g ~ ~ i f i c a ~ ~ t l y  ill the 
p a t i e ~ ~ t s  after f r ~ ~ c t o s e  was given. 

111 r o ~ ~ t r ; ~ s t  t o  I I ~ ~ I I I : I ~  c l ~ i l ( l r e ~ ~ ,  t l ~ e  I I I~ : I I I  1)':1k l)loo(l uric level 
in t l ~ e  p a t i e ~ ~ t s  i~~c reasc t l  sigl~ifir:~l~tly :~f tcr  the a t l ~ ~ ~ i l ~ i s t r a t i o ~ ~  of 
g l u c a g o ~ ~  (P  < 0.001). In I ~ o t l ~  ~ ) : ~ t i e ~ ~ t s  ( P  < 0.005) ar~cl col~trol  
su1)jects (P < 0.05). I I I C ~ I I  I)loocl Pi conce~~t ra t ions  clecrcased 
s ig~~if ica l~t ly  ;~ f t e r  t l ~ e  ; ~ c l ~ ~ ~ i ~ i i s t r a t i o ~ ~  of g l u c a g o ~ ~ ;  I~owever,  t l ~ e  
I)loocl Pi c o ~ ~ c e ~ ~ f r ; ~ t i o ~ ~ s  in the p:~ticnts Irere s ig l~i f ica~~t ly  lower 
~II:III ill t l ~ r  co11tro1 s111)jects. Uric acicl c s c r e t i o ~ ~  i~~cre:~set l  :~f ter  
glucagon a t l l ~ ~ i r ~ i s t r a t i o ~ ~  in I ~ o t l ~  patients ancl c o ~ ~ t r o l  s~~ l ) j cc t s ,  
l)ul t l ~ e  tlifferenccs in uric acid e s c r e t i o ~ ~  I)et\reer~ the t \ \ o  groups 
were not s i g ~ ~ i f i c ; ~ l ~ t .  

'1.11~ cl:~ta in ou r  patients after fructose and gluragon adn~inis- 
tration suggest t l ~ a t  hypc r~r r i ce r~~ ia  in GSI) r c s ~ ~ l t s  from en- 
I~ancecl nuclcotide c a t : ~ l ) o l i s ~ ~ ~ .  T h e  concrntr:~tions of I~cp:~tic I'i 
11ncl ATl' may I)e low in patients wit11 GSD; I~ep:~tic Pi and I\'I'P 
content would therefore be fu r t l~e r  d in~ in i s l~ed  I)y t l ~ c  adn~inis- 
tration of f r ~ ~ c t o s e  and glucagon. Ily a ~ r ~ e c l ~ a r ~ i s ~ ~ ~  similar to t l ~ a t  
of fr~~ctose-inducecI I~yperur iccn~ia ,  d i ~ ~ ~ i n i s l ~ e d  I~epat ic  I'i :~ntl 
I \TP content n ~ i g l ~ t  increase t l ~ e  1)reaktlown of aclc~iir~c nocleo- 
tides wit11 ~ C S I I I ~ ~ I I ~  I~yperor iccn~ia .  

Speculation 

1)ecreasccl in t r ;~l~cpat ic  I'i and A T P  content, which ultimately 
results in e ~ ~ l ~ a n c e d  n ~ ~ c l c o t i d e  c;ltal)olisn~, Inay Ile a cornmon 
r ~ ~ c c l ~ a n i s ~ ~ ~  for I~yl)eroriccn~ia uncler variety of conditions. 

IIyl>cruriccnii;t, gout,  and  its complications occur frequently 
in p;tticnts \vith G S D  typc I (1 ,  12 ,  23-25, 27 ,  20 ) .  Ilyperuri- 
ceriiia results, in p;Irt, frorn clecrc;tsed renal tubular secretion o f  
ur ;~te  secondary to 1;tctic acideriii;~ and kctoncrnia ( I ,  12,  27) and 
from incrc;tscd uric acid production (1.  27, 39) .  The  cause of 
ur;ttc hyperproduction is not known. 

I<cccnt observations suggest that enh;tnced nuclcotidc c:ttaho- 
lisrn, ;is noted aftcr fructosc atlniini.;tr;rtion in normal subjects 
(36, 47)  and in cliildrcn wit11 hcrcdititry frtrctosc intolcr;tncc 
( I lFI)  (31,  36),  may play a n  iniport;~nt role in incrcasirlg uratc 
production in man .  The  mccli;~nis~ii of fructose-inducccl hypcrur- 
iccmia has hccn nttrihutcd to  the degratl;rtion of adenine nuclctr 
tidcs resulting from decreased hepatic contcnt of inorganic phos- 
plti~tc (I'i) and  ;~dcnosinc tripl1osph;ttc (ATP)  (4 ,  34. 38. 49) .  

Accordingly, patients with G S D  type I may have increased 

ur;ttc procluction from ;tcccler;ttcd catal>olism of purinc nucleo- 
tidcs. \\ Iiich. in turn,  rcsrrlts from dccrc;tscd 1icp;ttic content of I'i 
arid t2.1'1'. llcl>;ttic I'i ;tnd A'I'I' level.; ;ire tliniini\licd 1)ecause 
pliospliorylatccl glycolytic intcrmctli;ttes 11;tvc ;tccunlulatccl ;IS ;I 

consccl~rcricc of glucose-6-phosl1Ii;tt;1\c clcficiency. In the present 
report .  data ;ire prescntccl \\hiell support t l ~ c  hyl>othcsis th;tt 
l iy~xruricernia in <is11 type 1 results from increased I)rc;tkdo\vn 
of prcformecl hepittic purinc nuclcotide\. 

'l'hc study group cori\istccl of I 0  p;rtients. 7 males and 3 
fcrn;tlc.;. 3 4112-2S years o f  age with GSI) type I ;  ; i l l  ~ ~ a t i c n t s  had 
f:isIiitg I~y~~oglyccr t i i~ t ,  l~y~~cr l ;~c t i c ;~c i c l c~~ i i : t ,  I1y~~cr1i~~ic1c~i1i;t, 11y- 
pcr~rriccmi;~. -and  m;trkccl Iicl>;ttomcg;rly. 13loocl glucose lcvcls 
dicl not incrc;tsc aftcr the adminis t r ; t t io~~ of suhcut;tncotrs glue;!- 
gon nor i~itravcnous fructosc (aljsent 1icl);ttic glucosc-6-l>Iiosllh;t- 
t a w  activities were dcmonstratctl in six patients. and four others 
were diagnosed only by clinical criteria). Sis Iicalthy cliildrcn 
;tgcd 2- 15 31 I2 years (3  1) in tvhom fructosc tolerance tests were 
lxrformctl .  ; ~ r i c l  seven addition;tl healthy children, aged 4 611 2- 
12 41 I2 yc;trs \villi 11oric1icIocri1lc gro\vtl1 ret;trcI;~tior1 to  \vho1i1 
gluc;tgon was ;~tlniinistercd. \vcrc used ;I \  normal control sut>- 
jects. All patierlts wcrc admittcrl to the Cliriical I<csc;trcli Ccntcr 
of the Childrens Ilospital of 1.0s i\ngclcs (C l l l -A)  ;inel were 
given ;I normal diet for age ;~ncl s i ~ c .  'l'hc studies \ \ere apl>rovcd 
11y the Committee on 1Iurii:tn I~s l>cr in~cnta t ion of CIIL/ \ ,  ;tricl 

informed p;~ticnt ancl/or p;trcnt;tl cori\cnt tv;rs ol>t;tincd. 
After ;in overnight f ;~\ t .  six he;tltI~y cliildrcn ;~nt l  fivc patients 

\vith G S D  received ;I fructosc tolcrarlcc test a s  follo\vs. 1:ructosc. 
0 .25 g/kg t>ody \vcight, \v:ts atlministcrcd intravenously i l l  ;I I O C ;  
solution over 3-5 min. Illootl Icvcls of glrrcosc, fructosc, I'i, 
lactic ;tcid. ant1 uric acid were measured in the fasting state and 
at 10, 20 ,  30,  40 ,  5 0 ,  60 ,  SO, 100, ; t r l c I  I 20  r i ~ i ~ i .  111 four 11orr11;tI 
chilclren ant1 i l l  four paticnts with G S D  urine was collcctcd in 
t\vo 4-lir periotls, hcfore ; ~ n d  aftcr fructosc adriiinistr;rtiori, for 
mcasurenicnt of uric acid ;tnd crcatinine. 

On ;tnothcr d;ty, ;tftcr ;in overniglit fast. gluc;tgon, I mg. was 
administcrctl s~thcrrtancously to  scvcri hcaltliy cliildrcn and to 
eight patients with GSI) typc I .  Illood Ievcls of glucose, uric 
acid, lactic ;tcid. and I'i were rne;~sirrcd in the f;~stirlg st;tte ;tntl at 
30 .  45. 60. 90,  and  I20  min. In six norm;tl childrcn and in fivc 
p;tticnts with GSD.  urine was collected in two 4-hr periods, 
before and aftcr glucagon ;~drninistration, for nic:tsurcment of 
uric acid and crcatininc. Pi \V;IS ;11s0 nic ; ts~~rcd i l l  tllc lrri~lc i l l  t\vo 
norrn;~l cllildrcri ; ~ n d  in two p;tticnts \r.ith G S D .  

Dc r r o ~ < o  purinc hiosynthcsis was studied in t\vo p;tticnts \villi 
GSD by dctcr~iiining the iricorporation of 10 pCi  of intr;tve- 
nously administered IU-"Cjglycinc in urin;try uric acid (50).'I'hc 
activity of hypoxantllinc-guanine pl~osl~liorihosyItransfcr;~sc 
(IIGI'I<T) \v;~s n~casu rcd  in erythrocytes of tlic GSI) lxtticnts by 
reacting "C-lahclcd hypoxanthine \vitli phosplioril>osyI~>yr(~ 
phosp11;ttc in the presence of the supernatant from Iienioly7ccl 
erythrocytes and isolating the nuclcotide (8). 



Blood glucose \\,:IS nie:~surcd by a glucose oxidasc nietliod 
,26 ) ,  serum lactic acid was ~neasu red  by tlie method of Barker 
ind Summerson (3 ) ,  hlood fructosc hy the method of Sclirciner 
:A?) ,  and Pi by ;I nlodification of the Fiske and SubhaRow 
nctliod (13) .  Plasma and urinary uric acid \\)ere determined by 
in enzymatic spectropliotometric metliocl (37).  Data were aria- 

yzcd for statistical significance hy using a two-tailed paired and 
~ n p a i r e d  Student's test (43) .  

RESULTS 

FRUCTOSE INFUSION 

Bloorl. Tlie levels of hlootl uric acid. glucose. Pi. lactic acid. 
~ n d  fructose after the ;~dniinistration of fructose in five patients 
,vith G S D  type 1 and in sis normal children arc  indicated in 
Figure 1.  

Tlic mean 2 S E M  fasting blood uric acid level was 9 . 3  + 0.8 
rng/lOO ml and significantly higher in tlie patients with G S D  typc 
tlian the mean uric acid v ~ ~ l u c  of 4 .12 5 0 .5  mg/I 00 of normal 
:hildren ( P  < 0.001) .  At all times follo\ving the administration 
~f fructose,  mcan blood uric acid lcvcls were significantly greater 
tlian tlic values in control children ( P  < 0.005) .  In the G S D  
patients, the nicarl blood uric acid lcvcls were significantly in- 
:reascd abovc the mcan basal v ;~ luc  10, 20. 3 0 ,  6 0 ,  and 80 min 
3ftcr the infusion of fructosc. I n  contrast. fructose rlid not elicit a 
significant increase in hlood uric levels in control children. T h e  
nican fasting blood glucose concentration in the patients was 
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significantly l o u c r  than tliat of the control subjects (I '  < 0.001).  
and blood glucose levels clid not increase after fructose. Tlic 
mean fasting blood Pi level in tlic paticnts \v:~s 3 . 0  t 0 . 3  rng/IOO 
ml ancl significantly lo\vcr tlian the mean I'i v;~lue o f  4.8 2 0 . 3  
rng/100 nil of the control subjects ( I '  < 0.05) .  Tlie n1e;ln hlood 
Pi level in the paticnts \vas significantly less than the mean 
f . '  astlng level 10 min after fructosc (I' < 0.02) ,  hut this \raluc \\,;IS 

not different from that of the control subjects. In the patients, 
lio\\~cver. nican blood Pi levels were significantly lo\ver than tlie 
values of the control subjects: 4 0  (1' < 0.005) .  5 0  (I' < 0.05) ,  
6 0  ( P  < 0.005) .  SO (I' < 0.01) .  100 (1' < 0.02) ,  and 120  ( P  < 
0.02)  min after the administration of fructose. Tlic mean fasting 
hlood lactic acid concentration in the patients \vxs significi~ntly 
higher t11:ln that of the control v:~luc (I' < 0.005). After the 
infusion of fructose. tlie concentr:~tions of lactic acid increi~sed 
signific:~ntly in patients and in control sr~hjects.  Flowever. tlic 
nican change ( A )  in lactic acid in the patients was 28.2 ? 5 . 0  mg/ 
1 0 0  rnl and higher t1i:ln tlie Alactic acid concentri~tion of 4.3 2 

0 .7  nig/100 ml of the control subjects; e1cv:itcd lactic acid levels 
persisted in the paticnts. The  rnc;1n peak hlood fructose level in 
the lxitients was similar t o  the mean peak level of normal cliil- 
dren after fructose odministrotiori. The  rate of fructosc disap- 
pearance in the paticnts was s i rn i l~~r  t o  tliat of normal cliilrlrcn. 

Uritrc. I3cfore fructose \\,as adniinistered. tlic mean uric acid 
excretion in four patients \\,it11 G S D  type I expressed as milli- 
grams per rng urin;~ry cre:~tinine. \vas 1.5 ? 0 .6 .  :IS compared 
witli 0 .6  -t 0.1 in normal children; the cliffcrence \v;~s not 
significant (T;tblc 1 ) .  Although uric acid excretion increased in 
tlic p;~ticnts after fructose was ;iclministercd. the rlifferencc in 
uric acid excrction before and after fructose \v;rs not significant. 
In contrast ,  a significant increase in uric acid excretion in normal 
children occurred after fructosc (I' < 0.02).  

GLUCAGON ADhllNISTRA't'ION 

Bloorl. The  levels o f  blood uric acid. g l ~ ~ c o s c .  Pi, ancl 1;lctic 
acicl after tlie aclministration of glucagon in sever1 normal cliil- 
drcn and in eight patients witli G S D  type I a re  indicated in 
Figure 2.  

Table 1 . I<.vcrr~tiotl of uric acitl 4 Irr l>czforc trtrtl nffcr itrrrrrvctrorrs 
frrrcro.sc7, 0.25 g/kg,  it1 t ~ o r t ~ ~ r r l  cIril(1rr~t1 (III(/ it1 prrfic,t~/.s 1t*i/11 

g l ~ ~ c o g u ~  srorcrgc tli,sc~rr.sc (GSII) r?pr I 

Suhject5 
. 
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MINUTES 

Fig. 1 .  hlean ? SEhl responses of blood uric acid, glucose, inorganic 
~hosphatc (Pi), 1:lctic acid. and fructose in six normal children ;~ntl in 
'ive patients with glycogen storage disease (GSII) typc I after the 
ntravenous administration of fructose. The P values indicate the signifi- 
:nnce of the differences between the mean resting ( 0 )  values and the 
nean values at each time after fructose administration i l l  the paticnts. 
:or significance of tlie difference of the values bet\veen paticnts and 
lorma1 children see text. 

-- - 

I Data from Kogut ct al (31). 
' Patients versus normal children before the administratio11 of fruc- 

tose, I' = NS. 
P;~tie~its versus liorli~;~l childre11 after the adnlinistration of fructosc, 

P = NS. 
' P value refers to the difference between the mean values for urinary 

uric acitl/crcati~line before and after fructose in the normal chiltlrcn. 
V value refers to the difference between the mean valuc for urinary 

uric acid/creatininc bcfore and after fructosc in the patients with GSI>. 
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Fig. 2 ,  hfcan t- SEhl responses of blood uric acid, glucosc, inorganic 
~)llc)spllatc ( I ' i ) ,  and lactic ;lcicI in six n o r ~ i ~ a l  chil~lrcn and in ciglll 
patients with glycogen storage cliscasc (GSD) typc I aftcr the subcuta- 
neous aclministration of glucagon. 'fhc I' values inclic;~tc the signific:lnce 
of the cliffcrcnces bct\vccn the mean resting ( 0 )  valucs and the mean 
values at c:~ch ti~iic after gIuc;lgo~i ail~iii~iistr;ltio~i in both groups. For 
significance of the cliffercnce of the values bct\vccn p;lticnts and normal 
cliilclren sec tcxt. 

In the f:~stirlg state and at all tirncs aftcr the administration of 
glucagon, the mean blood uric acid levels in the patients were 
significantly higher than those in tlie control children (I' < 
0.01) .  In contrast t o  tlie results in coritrol children, the  mean 
blood uric acid levels in the  p:lticrits increased significantly aftcr 
the administration of glucagon. Blood glucose concentrations 
did not rise aftcr gluc;lgon in tlic p~lt icnts with G S D ,  in contrast 
t o  control cliildren. Although the  mean fasting blood Pi conccn- 
tration in the  ~ a t i c n t s  was lower than in the  control subiects. the 
difference was not significant. I n  both patients and control sub- 
jects, the nlcan blood Pi conccntmtions dccrcascd significantly 
after the adniinistr;~tion of glucugon. I!owcvcr, the mean blood 
Pi conccntratioris in the paticnts were significantly lower than 
thosc in the  control subjects: 3 0  ( P  < 0.01). 45  ( P  < 0.005) ,  60 
(P  < 0.01) ,  and 120 (1' < 0.05) niin after the administration of 
glucngon. T h e  mean blood lactic acid levels in the patients, both 
fasting and after glucagon, were significantly higher than in 
control subjects ( P  < 0.001) .  In contrast t o  the control subjects, 
the blood lactic acid lcvcls incrcascd significantly after the  ad- 
ministration of glucagon in the paticnts witli G S D .  

Uritrc. The  mean basal uric acid excretion irl five paticnts with 
G S D ,  cxprcssctl as  riiilligrams per  rng urinary crcatininc, was 1 .2  
+ 0.5  ancl greater than the mean uric acid cxcrction of 0.8 2 0 . 1  
in six hcaltliy children (Tablc 3);  the difference was not signifi- 
cant.  A significant increase in uric acid cxcrction occurrcil in 
normal chilrlren aftcr glucagon (P  < 0.03) .  Aftcr the adminis- 
tration of  glucagon, the  rncan uric acid excretion in the paticnts 
increased 3-fold, but the cliffcrcncc in uric ncid excretion before 
;tricl :lfter glucagon \\,as not significant. Aftcr glucagon aclminis- 
tration, Pi excretion doubled in one  control subject and clid not 
change in  the o ther  control o r  in  two paticnts with G S D  (Tablc 
2) .  

Tablc 3 .  E.~crc/iorr of lrric rrcirl r i t l t l  itlorgcrtric plro.splrrr/c (1';) itr 
trort~rtrl clrilrlror ntltl itr prrtic,t~t,s lcitlr glj'cogor storrcgc* rli.sc~rr.sc 

(GSI)) / j p c  I bcforc rrtrtl nftc~r arlt~litristrotiotl of glrrccrgotr, I trig, 

, S I : ~ ~ I : ~ ~ I C O I : . S ~ ~  

nlg I'i/mg crc- mg uric acicl/rng creatininc 
atininc 

13c- 
Subjects Before After fore After 

Norrnr~l 
I>L 1 .O 1.7 
J 1) I .1 1.3 7 1.45 
A F 0.9 1.5 
nil, 1 .I I .6 0.84 1.70 
CA 0.8 2.1 
T \V 0.4 0.8 

hlean +- SEM 0.88 I I 1.50 2 0.189 
1' < 0.02:' 

GSD Type I 
S V  I .2 3.1 
K l V  0.3 0.6 0.62 0.61 
7's 0.6 1.9 
L C  3 .' 10.2 
GI\{ 0.9 2.7 1.57 I .6O 

h1c;ui -t- SEhl 1.24 +- 0.51' 3.60 t 1.09' 
I' = NS' 

I Patients versus normal chililren hcfore tlie aclniiriistration of gluca- 
gon, I' = NS. 

P~;lticnt.; versus nornl:~l chil~lrcn after the n~lrninistr;ltiori o f  gluc;lgon. 
I' = NS. 

:' I' value refers to the diffcrcncc hct\vcc~i tlic liican values for urinary 
uric aciil/crcatininc hcfore and aftcr glucagon in the normal children. 
' P valuc rcfcrs to the cliffcrcncc bctwcen the mean values for urinary 

uric acid/creatininc before anil after glucagon in the patients with GSD. 

INCOIIPORATION OF ISO1'OPICALLY LABELED GLYClNlJ INTO 
URlC ACID 

The incorpori~tiori of precursor isotope into urinary uric ncid 
during the 10 days af ter  the intravenous administration of [U- 
I'C]glycinc in ttvo patients wit11 G S D  is inclicatcd in Figure 3 .  
T h e  cumulative recovery of isotope in urinary uric acicl after the  
a~lministration of glycinc \vas incrcascd as compared with control  
clata rcportccl by others (32, 45) ;  the rcsults a rc  consistent with 
overprocluction of uric acicl. Normal irlcorporation is 0.1-0.15 C/o 
of the injected close after 7 days (33,  45 ) .  

ASSAY OF IIYI'OXAN'I'I1INI~-GUANINE 
Pt1OSPlIORIROSYLTRANSI:IiRASE (IIGPRT) 

The  data obtaineel in the patients with G S D  arc  shown in 
Table 3 .  All of the patients testecl had normal erythrocyte 
14GPRT activity lcvcls tvlicn Iiypoxanthinc was utilized as  sub- 
strate.  

111 untreated adolescents and young il~lults with G S D  type 1 
hylxruriccmia and/or  gouty arthritis are frequent occurrcnccs 
(1 ,  13 ,  23-25, 27 ,  29) .  llypcruriccrnia was prescrit in all o u r  
patients ancl oric hacl had uric acid nephrolithi:~sis and hydroric- 
phrosis. 

The  abnormality in uric acid nictabolism in paticnts with G S I I  
t y p d  :appearstto be  related to  dccrcascd uric ncicl cxcrction (1 ,  
12 ,  37 )  and to uratc hypcrproduction ( 1 ,  37 ,  39). T h e  blood 
lactate and ketoacid levels tvhich a rc  higher tlinrl r~o rma l  in 
paticnts witli GSI) type 1 (24,  25)  clccrcrtsc the rcn:ll clearance 
of uric acid ( I  6 ,  5 2 ) ,  which results in increased blood uric acid 
concentration. 

The  results of these studies utilizing 1:tbcled glycinc confirrii 
the observation of othcrs (1 ,  27 ,  29)  that patients wit11 G S D  typc 
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Fig. 3.  Cummulative excretion of "C in urinary uric acid in two 
paticnts with glycogcn storage disease typc I following iritravcnous 
administration of [U-'"C]glycinc. 

Table 3 .  Purirle pl~osphoribosyl trar~sfc~rase activity irl 
crytI~rocyt~s 

Hypoxanthinc, gmoles/hr/g 
Subjects Hb 

Controls ( 1 1  = 21) 
GSD type 1 

TS 
KH 
v IV 
LC 
J S  
CB 

' hfcan activity, range of activities in parentheses. 

1 have hyperuriccrnia because of increased uratc production. 
O u r  findings in two paticnts with GSD indicate a modest in- 
crease in glycine incorporation into urinary urate. 

The mechanism of urate hyperproduction in GSD is not 
known. Because deficiency or absence of HGPRT has bccn 
responsible for urate hyperproduction in children (30, 32), it is 
possible that a similar defect might exist in patients with GSD. 
A s  reported by others (29) and confirmed herein, however, 
normal erythrocyte HGPRT activities were found in patients 
with GSD.  

It has bccn postulated (24) that in the absence of hepatic 
glucose-6-phosphatase, glucose-6-phosphate might be diverted 
into the hexose monophosphate shunt, causing an accumulation 
of phosphoribosylpyrophosphate (PRPP). Increased quantities 
of PRPP,  the substrate for the first irreversible step in tie rlovo 
purine biosynthesis, nlay augment purine synthesis, as postu- 
lated for uratc hyperproduction in the Lesch-Nyhan syndrome 
(14, 20, 41). Evidence against this hypothesis is the observation 
that the concentration of PRPP was normal in erythrocytes In 
paticnts with GSD (19). Because glucose-6-phosphatasc is nor- 
n~al ly present only in liver, kidney, and small intestine (7), PRPP 
measurements in erythrocytes of patients with GSD type I are 
probably irrelevant; PRPP measurements in liver have not been 
reported iri patients with GSD. 

Recent observations that fructose may induce urate ovcrpro- 
duction in normal individuals (22, 36) and in paticnts with HFI 
(3 1, 36) by enhancing nuclcotidc catabolism, led to the spccula- 
tiort that the pathogenesis of increased urate production in GSD 
type I may be sirnilar. Hepatic ATP and Pi lcvels are diminished 
in animal and in normal human livers after the administration of 
fructose, which results in the degradation of adenosine mono- 
phosphate to inosinic monophosphate and subscqucntly to uric 
acid (5, 34 ,  49). The results following the administration of 

fructose and glucagon in our paticnts strorlgly suggest that hy- 
peruricemia in GSD type I results from diminished concentra- 
tions of hepatic Pi and ATP and the subsequent breakdown of  
adenine nuclcotidcs. 

After the intravenous administration of :I small dose of fruc- 
tose, unlike the responses of normal children and similar t o  those 
previously observed in paticnts with HFI (31), a modest but 
significant increase in blood uric acid levels accompanied by a 
significant decrease in blood Pi concentrations was noted in our 
paticnts with GSD. Hyperuricosuria did not accompany the rise 
in blood urate concentrations in the patients with GSD, how- 
ever. This observation is different frorn that noted in patients 
with FIFI, in whom a marked increase in uric acid cxcretion 
occurred after a similar dose of fructose (31). This difference in 
uric acid excretion may be due to the rn:irked elevation of tlic 
blood lactic acid levels in paticnts with GSD aftcr the adrninis- 
tration of fructose. ~~- 

The administration of glucagon increased the blood uric acid 
levels in our patients with GSD type I but not in the control 
subjects. In contrast to a previous report ( I ) ,  glucagon also 
increased uric acid excretion in our paticnts despite marked 
elevations of blood lactic acid levels. An elevation in uric acid 
excretion without concomitant alterations in blood urate levels 
after glucagon ;rdministration has been noted in normal adults 
and in adults with gout ( 1  I ) ,  and is thought to result from a 
direct effect of glucagon on tlic renal tubule (1 1) .  

In our patients with GSD, blood Pi levels significantly de- 
creased after gluc:rgon. As confirmed in this study, a fall of the 
blood Pi concentrations aftcr glucagon has also bccn noted in 
normal subjects (6, 10). The mechanism for glucagon-induced 
hypophosphatemia is not clear. The observations that glucagon 
has been shown to he pliosphaturic in animals (2.46)  and in man 
( l o ) ,  and that nephrectomy in rats irbolishes most of the hypo- 
phospliateniic effects of glucagon (2). suggest that the kidneys 
have an important role in niediating the hypophosphaternic re- 
sponse to glucagon. A phosphaturic effect of glucagon was not 
noted in our paticnts, however. That the concentrations of blood 
Pi in our patients, both in the fasting state and after glucrtgon, 
were lower than control values, suggests another explanation for 
tlie liypopliosphatemia in GSD. 

The hepatic enzymatic defect in GSD may best explain the 
presence of hypophosphatemia which, in the fasting state, may 
have resulted from increased hepatic Pi uptake due to sequestra- 
tion of Pi as phosphorylated glycolytic intermediates. The fur- 
ther decrease in blood Pi content following glucagon may have 
been enhanced by the process of glycogenolysis; because of the 
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absence of  glucose-6-phosphatase, licxos& phosphates rather 
than glucose are produced as a result of glycogenolysis. Whether 
hepatic glucose-6-pI1osphi1te content is increased in patients with 
GSD typc I is controversial. Values of hepatic glucose-6-plios- 
phate 10 times above normal have been observed by Ockcrrnan 
(35) in two paticnts with GSD type I. Althouglt Hers (21) found 
normal levels of glucose-6-phospl~ate in other sections of liver 
from tlie same specimens used by ~ c k e r m a n  and from four other 
cases of GSD type I he did find an accumulation of this substance 
in two other liver biopsies of patients with type I .  

Although the content of hepatic Pi and ATP has not been 
measured in patients with GSD, intracellular Pi depletion might 
also result in reduced formation of ATP.  Erythrocyte A T P  
depletion has been noted in humans (33) and in dogs (51) during 
hypophosphatemia. Glycogenolysis after the administration of 
glucagon may have accentuated the decreased hepatic ATP 
content in our patients. In children with glucose-6-phosphatase 
deficiency ( I s ) ,  and under normal conditions (44), glucagon 
generates cyclic AMP in the liver (44); the phosphorylase system 
is activated arid subsequently, glycogenolysis takes place (44). 
By this process ATP is consumed; ATP is required for genera- 
tion of cyclic AMP and for activation of phosphorylase (9, 39). 

Many metabolic disturbances in GSD, such as hyperlipidemin, . . 

kctonemia, hyperlacticacidemii~, and hyperuricemia occur in rc- 
sponse to hypoglycemia (25, 28); hyperuricemia has been re- 



v c r s c t l  a f t e r  g l u c o s e  a d ~ n i n i s t r a t i o ~ i  i n  p a t i e n t s  w i t h  GSII ( 1 ,  1 2 ) .  

13ec ;1usc  hyl~oglyceniia normally r e s u l t s  in  increased g l u c a g o n  

s c c r c t i o n  ( 1  5) and t h e  ; ~ d n i i n i s t r a t i o n  o f  g l u c o s e  s u p p r e s s e s  g l u -  

c a g o n  s c c r c t i o r i  in  normal  individu:~ls (-18) ; ~ n d  i n  p a t i e n t s  \ v i t h  

GSD t y p c  1 ( 1 7 ,  40), v ; ~ r i a t i o n  i n  g l u c : i g o n  s c c r c t i o n  m ; i y  I>c one  
r n c c h : ~ n i s r n  I>y which h y p c r u r i c c m i a  i s  n c c c n t u : ~ t c d  d u r i n g  hypo-  
g l y c e m i a  and i m p r o v e s  I v i t h  g l u c o s c  ; i d r n i n i s t r ; ~ t i o r  in  p ; r t i c n t c  

w i t h  GSD t y p c  I .  I t  s h o u l d  11c e m p h a s i z e d ,  h o ~ v c v c r ,  t h a t  t h e  

c l c v ; ~ t i o n  i n  I > l o o ~ l  u r i c  acid lcvcls i n  o u r  p a t i e n t s  o c c u r r e d  a f t e r  

pharm:~cologic doses o f  glucagon. I 3 c c u u s c  hlood uric ; ~ c i r l  con- 
c e n t r ; ~ t i o ~ l s  did n o t  i n c r e a s e  i n  o u r  n o r m a l  s u b j e c t s  a f t c r  t h e  

a d n i i n i s t r a t i o n  of f r u c t o s e  o r  gluc;~gon. h c p ~ ~ t i c  c o n t e n t s  o f  Pi 
and  ArI'I' i n  GSD p a t i e n t s  may  he so c r i t i c a l l y  l o w  t h a t  even 
n l o d e s t  i n c r c a s c s  in e n d o g e n o u s  g l u c ; ~ g o t l  s c c r c t i o n  \ v o u l d  cn- 
l i ; ~ r l c c  t h e  h r c ; ~ k d o \ v ~ l  of ; ~ t l e n i n e  n u c l e o t i d e s .  

C O N C L U S I O N  

111 ~ x ~ t i c n t s  \ v i t h  GSD t y p c  I ,  a f t c r  t h e  a d r n i n i s t r a t i o t ~  of i n t r a -  

v e n o u s  f r u c t o s e  and ~ u h c u t a n c o u s  g l u c a g o n .  uric acid lcvcls 
i n c r c a \ c d  and  I'i levels decreased i n  h l o o d  \ v i t l i o u t  s i g n i f i c a n t  

i n c r c a s c s  i n  u r i n a r y  u r i c  a c i d  e x c r e t i o n .  In  c o n t r o l  c h i l d r e n  

f r u c t o s e  and g l u c ; ~ g o n  did n o t  e l i c i t  a n  increase i n  h l o o d  u r i c  acid 
l e v e l s ,  b u t  s i g n i f i c a n t  increases in  u r i n a r y  u r i c  acid e x c r e t i o n  

o c c u r r e d .  These r e s u l t s  s u g g e s t  t h a t  h y p e r u r i c c m i a  i n  GSD rc- 
s u l t s  f r o m  cnlianccd n ~ ~ c l e o t i d c  c ; l t a h o l i s m .  
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Enzymic Differentiation of Human Liver: 
Comparison with the Rat Model 

OLGA G R E E N G A R D " " '  

Dt~parrr~lcv~r of Biologic01 Cl~ett~isrry, I lt~rvortl Alerlicnl Scl~ool ,  nrltl 111c Cntlccv Research Itrsrir~rte, New E t ~ g l c ~ t ~ d  
Dcncotrc~ss Ilospirul, Bostot~, Al(z.~scrc/r~rsc~rrs, USA 

The  cluantitative pattern of enzymes in the seconcl trimester 
h u n ~ a n  fetal liver is sigllificantly different fro111 that of aclult liver. 
For some 20 enzymes, the activity quotient (AQ, i .e . ,  activity of 
i n ~ n ~ a t u r e  liver divicled by that in atlult liver) is appreciably 
different front 1.0. RIost of the enzynles increase their concen- 
trations with age but, as one would expect, sollie contribute to 
differentiation by tlin~inishing in amount. 

In cleveloping hurnan liver the concentrations of the various 
enzynles tend to change in the sanle clirection as  they d o  in rat 
liver. 'I'hose that increase in rat liver have been classifietl into 
three tnain cIu~ters ,  accortling to whether their rise begins on  
about the 17th day of gestation (B), the first neonatal day (C), o r  
just before weaning (D), respectively. The distribution of these 
enzynles anlong these three clusters correlates with their AQ's in 
the hutnan fetal liver. 111 general, enzyrnes with A Q  around 0.5 
belong to cluster (B) in rat liver whereas those with 0-0.16 
belong to cluster C or  D. 

Gross n~alforn~at ions resulting fro111 the teratogenic action of 
drugs, hormones, o r  vitaniins on the early enlbryo attract n~ucl l  
attention. The harn~ful  in~pacts of such agents at  late stages of 
gestation are  less spectacular. 'They rnay be more frequent, 
however, ant1 inanifest then~selvcs in perlnanent inatlecluacies in 
n~e tabol i sn~  or  growth with a tendency to succun~b to minor 
childhood cliseases. The underlying causes nlay not be n~irrored 
in the cytocolnposition or  even the subcellular nlorphology -of 
autopsy specimens. Only deviations from the organ characteris- 
tic quantitative pattern of gene products woulcl provide sensitive 
enough inclictors of the metabolic lesions and of the aberrant 
aspects of differentiation that were responsible for them. In both 
the presence ancl absence of detectable ~norphologic abnornlali- 
ties, the stutly of enzymes, this rnost varied and largest class of 
specific chen~ical constituents, would greatly extend the resolv- 
ing power of the usual diagnostic procedures postmortem. 

Speculation 

The  sequence in which clifferent enzymes approach their adult 
concentration in human liver closely resembles that in rat liver. 

'I'his s ~ ~ g g e s t s  that the n~echanislns responsible for the scheclule 
of gene expression rnust also be analogous: the synthesis of 
specific groups of enzynles at  each correspondir~g critical period 
is regulated by the sarne horniones in both species. Hence, the 
"cnzyn~e pathology" of infant livers not only specifies basic 
n~etabolic lesions: aidecl by observations on the rat ~noclel, it 
coultl also identify the age of onset and the kind of aberrations in 
the fetal environment which initiated the lesions. 

Long before the elucidation of the nature of gene action, 
Neerlhani (1931) (48) perceived the central importance of the 
changing profilc of specific proteins in embryonic development. 
H e  felt, however, that proper use of enzymes as inclicators of 
tissue differentiation would have to await the availability of less 
ambiguous and more sensitive assay techniques. The ambiguity, 
namely, whether the activity assays arc supposed to reflect the 
catalytic efficiency or  the amourits of enzymes, began to be 
resolved in the 1950's. After Knox's discovery of adaptive en- 
zyme synthesis in mammalian tissues (35),  neth hods were devcl- 
oped for measuring changes in the amounts of enzymes (the 
primary regulators of physiologic function) as distinct froni fluc- 
tuations in their activity (a superimposed fine control). It soon 
became apparent that even during late fetal and postnatal devel- 
opment the differentiation of tissue functions depencled to a 
large extent on the synthesis of enzymes rle tlovo and not merely 
o n  the activation of those already present in the embryo (30, 38,  
49). Indications were obtained that in man, too (40), some 
hepatic enzymes may still be absent at terni. A certain flexibility 
in time schcdule was first suggested by experiments in which the 
synthesis of a hepatic enzyme was enhanced or delayed by pre- 
o r  postmature delivcry (8,  49), and that of an intestinal enzyme 
by chrrngcs in endocrine status (46). The relevance of these early 
findings to the frequently observed functional deficiencies in 
apparently normal newborn infants (9) was one sti~nulus for 
cxtcnsive biochemical rescarch on tissues of developing mam- 
mals. These confirmed that the enzymic profiles that arc to 
distinguish mature tissues frorn one another continue to evolve 
and to undergo drastic changes long after these tissues have 
become morphologically distinct. During this postembryonic de- 
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