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( 1 1  ) .  I t  is. of course. possible that stress. in  
some undetined way. may induce a non-spe- 
citic enhancement of R.E. function: but such 
a hypothesis will not esplain the observation 
that a circulating tosin in the shocked animal. 
which can convert reversible to irreversibltb 
shock. and which can induce tolerance to 
shock. is alxent in shocked animals rendered 
tolerant to shock hy pre-treatment with anti- 
biotics. or by re1)eated prior esposure to shock 
plasma or endotosin. I n  support of their hy- 
pothesis that non-specific resistance is in- 
volved in shock the!. relwrt data purl)ortiiig 
to show that lvhile endotosin can induce cross 
tolerance to shock from drum trauma. the re- 
verse is not the case: for the!. state that sill)- 

lethal druni trauma fails to induce cross-tol- 
erance to endotosin( 1 1  ) .  .I\ statistical esani- 
ination of their data. howe\Fer. indicates that 
sublethal drum trauma docs induce signifi- 
cant cross-tolerance to endotosin. Since the 
cross-tolerance so demonstrated does not 111-0- 

ceetl 1% classic iniinunochem ical mecha n isms . 
one cannot rcgartl it as constituting adequate 
1)rooi oi the c./iomh-(zi itlentit!- of the shot-k 
tosin and endotosin. Se\.ertheless. thc 
demonstration of cross-tolerance i n  both tli- 
rections (i.e. trauma ‘endotosin and entio- 
toxin, trauma) is best esl’lained on the theor!. 
that endotoxemia is a concomitant of shock. 

1 t has been tlemonstratec! t h a t  
whole plasma m c l  salinc cstracts of lung. 
li\.er. spleen. and kidney of the shocked ani- 
mal. but not the normal animal. are capable 
of incl uci ng the ,genera lizetl S h w  rtznxi 11 re- 
act ion i n  end( ) t  ( )xi ti ( )r  ?’lit )r( ) t ra s t -1 )rimed re- 
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cipients with the same severity and irequencl- 
as purified bacterial endotoxin. The active 
material may be isolated by extraction with 
trichloroacetic acid and dialysis in the man- 
ner employed for bacterial polysaccharides. 
-4 number of similarities are noted in the bio- 
logic effects of shock toxin and bacterial en- 
dotoxin. The appearance of the tosin in the 
circulation within minutes of the onset of 
shock and the prevention of its appearance by 
antibiotic pretreatment are discussed with 
respect to the endogenous or exogenous 
source of the toxin. 
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-4 Vulnerable and Kate-Limiting Step in lJrea Synthesis in Patients with 
Hypei-aniiii0niaetIiia.~ (23768) 

The role of portal-s>-stemic shunts. either aemia and ammonia intoxication is well estab- 
spontaneously developed or wrgicallj- con- li,hed ( I 2 . 3  ) but there has been no direct evi- 

* This  investigation ,\ supported Ke.eerch mechanism oi synthesis of accumulated am- 
Grant  irom S . 1 . H  , P.H S monia to urea. Animal experiments. how- 

structed. in the production of h!-l~er~iniiiioni- (lence regarding vulnerability in illan of the 
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ever, have suggested that there may be a rate- 
limiting step in the Krebs-Henselei t ornithine 
cycle. Gornall and Hunter(4) showed that 
during incubation of rat liver slices, citrulline 
accumulated in the medium. Archibald ( 5 )  
found that when he produced hemorrhagic 
shock in dogs. there was a 2-5 fold increase in 
plasma citrulline, a simultaneous depletion 
of circulating arginine, and depression of 
urea formation. Both of these studies sug- 
gested that conversion of citrulline to ar- 
ginine ma\- be a rate-limiting and vulnerable 
point in urea synthesis. 

This study was designed to demonstrate 
whether or not such a specific point of break- 
down in urea synthesis exists in patients with 
liver disease and hyperammoniaemia. This 
was done by analyzing peripheral venous 
blood from patients on the wards, for citrul- 
line, arginine and ammonia. 

Methods.  ('itrulline was measured by 
modification of the method described by 
,\rchibald( 5 ) .  0.57 ml of 2y0 Sigma urease 
powder was added to 4 ml of plasma for di- 
gestion. The digest was dialyzed against 13.5 
ml of 0.02 S H2S04 to obtain a larger volume 
to pass through the resin column containing 
amberlite TR-120 (H) .  analytical grade.+ 
Resin colunins were washed with 1570 NaC1 
solution. The resin was then converted to 
the hydrogen form with several 10 ml washes 
of 3 N HCl. The final dialysate represented 
a 5-fold dilution of plasma. The colorimetric 
values were obtained as described by Archi- 
bald( 5 ) .  .\rginine was determined by per- 
forming the Sakaguchi reaction as described 
by Sims( 6 ) on 4 ml of Folin-Wu blood fil- 
trate. I t  has been shown by Weber(7) that 
95% of the color which results when the 
Sakaguchi reaction is performed on blood fil- 
trates is due to arginine. A standard curve 
using citrulline and arginine solutions of 4 
different concentrations was run simultane- 
ously with every citrulline and arginine deter- 
mination. Ammonia was determined by 
modification of the microdiff usion technic of 
Conway ( 1 ) . 

Reszrlfs. Fig. 1 shows scattergrams of 
~ ~~~~ ~~~~ ~ 
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FIG;. 1. I'lasnia citrulliite levels in 1to1*ntal incliritl- 
uals aitd i l l  patients with disorders of liver a11d 
portal  circu1:itioit. ('ross-h rs  rcprcstwt (.a lcnla ted 
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plasma citrulline concentrations in 3 groups 
of patients: (1) normal, (2) patients with 
liver disease and blood ammonia levels greater 
than 70 pg ammonia N/100 ml: (3) patients 
with surgically constructed portal-systemic 
shunts. Fifteen normal persons had an av- 
erage plasma citrulline level of 9.2 pg/ml, 
range of 6.3-12.5 &ml. Sixteen determina- 
tions of citrulline on patients with various 
types of liver disease and blood ammonia- 
nitrogen levels greater than 70 pg/lOO ml re- 
vealed an average plasma citrulline of 18.4 
pg/ml, range 10.0-27.5 pg/ml. This differ- 
ence is statistically highly significant, with a 
p value of less than 0.001. Five determina- 
tions of citrulline levels in patients with sur- 
gically constructed shunts showed average 
citrulline level of 16.2 pg/ml, range of 11.3- 
2 1.6 pg/ml. 

Fig. 3 shows the relation between ammonia 
and citrulline levels in peripheral blood. The 
correlation coefficient of 0.66 with standard 
error of 0.18 confirms the relationship be- 
tween the ammonia load and elevations in 

Washinrrton Sq., Phila., Pa.  citrulline levels. 
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Fig. 2 is a scattergram of blood arginine 
concentrations in the same groups, although 
a few patients did not have both arginine and 
citrulline levels determined simultaneously. 
The average blood arginine level in 13 nornial 
people was 41.2 pg ml. range 32.5-50.0 pg, 
ml. Fourteen determinations on patients with 
liver disease showed an average blood ar- 
ginine of 38.6 pg/ml, range of 25-50 pg(m1. 

Four determinations on patients with sur- 
gical shunts gave an average value of 48.8 pg 
ml, range of 41.3-53.7 p,/ml. This is consid- 
erably higher than the mean level found in 
normals and in unoperated cirrhotics. The 
number of cases is too small to calculate sta- 
tistical probabilities but the possible reasons 
for elevated levels in patients with shunts will 
be discussed later. 

All patients reported in this series and their 
citrulline, arginine and ammonia levels are 
recorded in Table I. 

Discussion. The results of this study show 
that plasma citrulline levels are increased in 
patients with hyperammoniaemia and liver 
disease, the average level in the pathologic 

state being double that in normal individuals. 
Since citrulline is a small. readily diffusible 
molecule, does not enter into protein struc- 
ture, is not a part of dietary intake and with- 
in limits of our present knowledge. is synthe- 
sized in the body only by enzymatic action 
on ornithine in the liver, i t  may be assumed 
that this citrulline measured in the peripheral 
blood is a direct reflection of citrulline metab- 
olism in the liver. The fact that citrulline ac- 
cumulates suggests that, the rate of conver- 
sion of citrulline to arginine has slowed rela- 
tive to rate of production of citrulline from 
ornithine. Conversion of citrulline to ar- 
ginine is therefore, the site of a relative block 
in urea synthesis in the abnormal liver in man. 

Blood arginine values are somewhat more 
difficult to evaluate than the plasma citrul- 
line levels because substantial amounts of ar- 
ginine are absorbed from dietary protein and 
because arginine, unlike citrulline. is an active 
participant in many facets of body metab- 
olism. The level of arginine in peripheral 
venous blood is then, a balance between (1) 
arginine absorbed by the gut from dietary 
protein, ( 2 )  liver synthesis of arginine, (3)  
peripheral utilization of arginine for synthesis 
of protein tissue structure, (4)  degradation of 
tissue protein releasing arginine into the 
amino acid pool and (5) degree of shunting 
of portal blood around the liver. 

Despite the elevations in citrulline (Table 
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FIG. 3. Correlatioii between blood ammonia and 

plasma citrulline levels. 
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TABLE I. Blood Ammonia, Blood Arginine and Plasma Citrulline Levels in Patients with Dis- 
orders of the Liver and Portal Circulation. 

~~~~~ ~ 

Patient NH,, Citrulline, Arginine, 
No. mg/100ml mg/ml mg/ml 

1 309 
2 129 
2 170 
3 156 
4 142 
5 91 
5 74 
5 121 
6 
7 
8 
9 

10 
11 
12 
12 
12 
13 
13 
13 
14 
15 
15 

133 
122 
160 
143 

96 
75 

101 
136 
299 
182 
121 
115 
134 
151 
114 

21.6 
19.1 
10.0 41.2 
16.9 
16.6 41.2 
15.3 36.2 
10.3 27.5 
17.5 31.2 
16.3 
19.4 
27.5 
16.6 

21.0 
17.5 
23.4 
25.6 
13.7 

21.6 
19.7 
11.3 
14.7 

40.0 
45.0 
50.0 
28.8 
25.0 
36.2 
48.8 
41.3 
47.5 

53.7 
47.5 

52.5 
41.3 

Diagnosis 

Infectious hepatitis 
Carcinoma metastatic t o  liver 
Idem 
Laennee’s cirrhosis 
Idem 

9 ,  

1 ,  

7 9  

3 1  

J ?  

9 9  

J J  

9 9  

39 

Biliary cirrhosis 
Idem 

Porta-caval shunt 
Idem 

Spleno-renal shunt 
Porta-caval ” 

9 9  

9 J  

Iae,rb 

I, Fig. 1) ,  there is no significant change in 
arginine levels in the unoperated patients with 
cirrhosis. These observations do not of neces- 
sity negate the possibility of a rate-limiting 
step in the Krebs-Henseleit cycle with de- 
creased formation of arginine from this source. 
As mentioned in the above paragraph, other 
sources, particularly absorption of arginine 
from the gastro-intestinal tract by-passing 
the liver via portal-systemic collaterals, would 
tend to maintain the level of arginine in the 
peripheral blood. This possibility is sup- 
ported by the high levels of arginine found 
in patients with surgically constructed portal- 
systemic shunts. 

Further studies on this defect in urea syn- 
thesis are in progress. 

Summary. 1. Elevations of citrulline in 
blood of patients with hyperammoniaemia and 
cirrhosis of the liver have been observed. 2. 
On the basis of the reported observations, a 
rate-limiting and vulnerable step in urea syn- 
thesis in man is suggested. 
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