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Recent studies have indicated that viral infections, aspirin treatment and hyperammonemia are associated 
with Reye’s syndrome. It has also been reported that free fatty acids in serum and total lipids in the liver of 
Reye’s syndrome patients are elevated during illness. The role of the lipid changes in the development of the 
disorder cannot be optimally studied in human patients, because infection and aspirin ingestion occur prior to 
the earliest symptoms of Reye’s syndrome. Effects of influenza B infection, aspirin treatment and hyperam- 
monemia on the level of free fatty acids, total lipids and triacylglycerols in serum and liver of an animal 
model of Reye’s syndrome are reported here. Hyperammonemia was produced in young, male ferrets either 
by feeding them small amounts of an arginine-deficient diet after overnight fasting or by an intraperitoneal 
injection of jackbean urease. The ferret model resembled Reye’s syndrome in developing increased levels of 
individual and total serum free fatty acids, liver triacylglycerol and total lipids. The results also indicate that 
influenza infection or aspirin treatment, or both, while increasing the severity of encephalopathy in the 
deficient ferrets, did not cause a significant change in the level of serum free fatty acids. Other results 
suggest that elevation of serum ammonia, serum free fatty acid or liver lipids, either singly or in various 
combinations, does not provide conditions that can explain the rapidly developing encephalopathy in the 
arginine-deficient ferrets. 

Introduction 

Reye’s syndrome is a potentially fatal child- 

hood disorder of unknown etiology that occurs 
following a viral illness, such as influenza or chic- 
kenpox [ 1,2]. Early symptoms of Reye’s syndrome 

include persistent vomiting and behavioural 
changes, and it may lead progressively to coma 
and death in advanced cases [3]. Clinical features 
of Reye’s syndrome include hyperammonemia, 

elevated serum transaminases, increased pro- 
thrombin time and normal levels of serum biliru- 
bin [3]. In addition, fatty infiltration of viscera and 
liver mitochondrial abnormalities are described. 

Free fatty acids are increased in the serum of 
Reye’s syndrome patients during illness and return 

to normal after recovery [4-81. Continuous infu- 

sion of sodium octanoate - a short-chain fatty 

acid salt - into rabbits produced many of the 

clinical, biochemical and pathologic changes com- 

monly found in Reye’s syndrome patients [9]. These 
studies suggested that the elevated free fatty acids 

may be partly responsible for the coma, hepato- 
cyte injury and increased intracranial pressure in 
this syndrome [4,10- 111. But whether the increase 

in serum free fatty acids occurs before or after 

liver injury in Reye’s syndrome is not known. The 
role of elevated free fatty acids and their interac- 
tion with other etiologic agents (influenza, am- 
monia, etc.) are difficult to study in patients be- 
cause viral infection and liver injury occur well 
before Reye’s syndrome is diagnosed. An animal 
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model may be useful for such studies. Ferrets are 

well suited for animal model studies because, un- 

like other laboratory animals, they are susceptible 

to human influenza infections. They also develop 

hyperammonemia soon after eating a diet deficient 
in arginine [ 12,131. Recently, we have shown that 

influenza B infection, aspirin treatment and the 
arginine-deficient diet act in combination to pro- 

duce Reye’s syndrome-like disorders in young, 

male ferrets [12]. Many of the clinical, metabolic 

and histopathologic disorders commonly found in 

Reye’s syndrome patients were reproduced in this 

animal model. 

This study was undertaken to investigate 

whether there is a similar pattern of changes in 

free fatty acids in the animal model and, if so, to 

examine the relationship between hyperam- 

monemia, encephalopathy and free fatty acids. 

Non-toxic doses of aspirin and virus were used. 

Hyperammonemia was produced in the young, 

male ferrets by feeding an arginine-deficient diet 

or by intraperitoneal injection of urease. 

Materials and Methods 

Animals. B-week-old, male, sable:coated ferrets 

(Mu&la putorius furo L), vaccinated for canine 

distemper, were purchased from Marshall Re- 

search Laboratory, North Rose, NY. They were 

kept in groups of three or four, in cages with grid 

flooring, in an isolation room with controlled light 

and temperature. 

Diets. Water and cat chow were provided ad 

libitum except when specified diets were given. A 

synthetic diet containing free amino acids was 
prepared as described previously [14], with minor 

modifications. Corn oil was used instead of turkey 
fat. Commercial vitamin and salt mixtures (ICN 

Pharmaceuticals, Cleveland, OH) were used. An 
arginine-deficient diet was prepared by substitut- 
ing alanine for an isonitrogenous amount of 
arginine. 

Infection. Ferrets were infected with influenza B 
by inoculating 0.5 ml of virus (Georgia/l01/79) 
into each nostril during light diethyl ether an- 
esthesia. The viral titre was lo6 egg ID,, per ml. 
Racks of cages with infected ferrets were well 
separated from those of non-infected controls. 

Aspirin treatment. Acetylsalicylic acid (Sigma 

Chemical Co., St. Louis) was suspended in water, 

neutralized with 1 N sodium hydroxide using a pH 

meter, and given by feeding tube (50 mg/ kg, twice 
daily). 

Experimental design. Ferrets were divided into 
ten groups of at least four animals each designated 

as follows (Table I): 1, chow-fed control; 2, syn- 
thetic diet; 3, influenza; 4, aspirin; 5, influenza 

and aspirin; 6, arginine-deficient diet; 7, influenza 

and arginine-deficient diet; 8, aspirin and 

arginine-deficient diet; 9, influenza, aspirin and 

arginine-deficient diet; 10, urease injection. Those 

in groups 3, 5, 7 and 9 were infected at 1O:OO a.m. 

on the first day. Aspirin treatment of the ferrets in 

groups 4, 5, 8 and 9 was started in the evening of 

the first day. On the third day at 1:00 p.m., food 

was removed from all the cages. On the fourth day 

at 9:00 a.m., cat chow was given to the ferrets in 

group 1, 3, 4, 5 and 10, synthetic diet was given to 

those in group 2 and arginine-deficient diet was 

given to those in groups 6-9. At 9:30 a.m., the 

ferrets of group 10 were injected intraperitoneally 
with 600 I.U./kg of jackbean urease (Sigma 
Chemical Co., St. Louis). At 12:OO noon food was 

removed from groups l-9. At 12:30 p.m. 3-ml 
blood samples were collected from comatose or 

lightly anesthetized animals by heart puncture. 

Serum was separated and stored at -20°C. Fer- 

rets were killed at 4:00 p.m., their livers were 

quickly removed and frozen in pentane that was 

surrounded by dry ice, then stored at -70°C. 
Ammonia determinations were done immediately 

after separating the serum [ 151. 

Lipid analysis. Lipids in serum and liver were 

extracted with hexane/isopropanol (3 : 2) and 

processed for determination of free fatty acids and 
triacylglycerol [ 16- 191. Total lipids were de- 

termined gravimetrically after washing the lipid 
extract with concentrated aqueous sodium sulphate 

to remove non-lipids [ 191. The free fatty acids were 
isolated and then converted to their methyl esters 
[17,20]. Methyl esters were purified by thin-layer 
chromatography and analyzed by gas-liquid chro- 
matography with a chromatograph equipped with 
a flame ionization detector and a glass column (6 
foot ~2 mm) packed with Ultra-pak high ef- 
ficiency 15% Silar-1Oc (Applied Science, State Col- 
lege, PA) on Gas Chrom R. The temperature was 
programmed from 180 to 22O’C at 2’C/min. 



Initial temperature (180°C) was maintained for 2 30-fold increase in serum ammonia levels, they did 

min. Components were identified by comparison not become sick during the period of observation 

with methyl ester standards. The areas under peaks (7 h). This suggests that mere elevation of serum 

were determined with an electronic integrator in ammonia is not primarily responsible for the en- 

duplicate runs. cephalopathy. 

Student’s t-test was used to calculate the statis- 

tical significance. P values less than 0.05 were 

considered significant. 

Results and Discussion 

Preliminary experiments demonstrated that fer- 
rets fed either cat chow or the synthetic diet for a 

week gained weight at similar rates and appeared 

healthy. There were no significant differences in 

the activities of serum aspartate aminotransferase 

(EC 2.6.1. l), alanine aminotransferase (EC 2.6.1.2) 

or ornithine carbamoyltransferase (EC 2.1.3.3) or 

in the levels of serum ammonia or total bilirubin 

between the two groups (groups 1 and 2). 

The effects of diet, influenza virus and aspirin 

treatment, either alone or in various combinations, 
on serum free fatty acids levels are shown in Table 

I. Those fed arginine-deficient diet (group 6) had 

an about 15-fold increase in serum ammonia levels 
as compared with chow-fed controls (group 1) and 

became sick (prostration followed by convulsions 

and coma) 2 h after ingesting the deficient diet. 
Although urease-injected ferrets (group 10) had a 

Ferrets in both high-ammonia groups (groups 6 

and 10) showed a large increase in serum free fatty 

acids compared to the chow-fed controls. Those 

fed the synthetic diet (group 2) also had elevated 

serum free fatty acids (over 5-fold) as compared 

with chow-fed controls, but did not develop hyper- 

ammonemia or encephalopathy. In urease-injected 

(group lo), ammonia is produced by the break- 

down of urea whereas in the deficient ferrets 

(groups 6-9) it is caused by the decreased availa- 

bility of arginine for detoxification of ammonia by 

the urea cycle. Since the elevation of ammonia 

levels in the urease-injected group probably pre- 

cedes other metabolic alterations, it may possibly 

have caused the observed increases in serum free 

fatty acids. However, since there was no signifi- 

cant difference in the high free fatty acids levels of 

the group fed arginine-deficient diet (group 6), 

which had elevated ammonia levels, and the syn- 

thetic diet (group 2), which did not, the relation- 

ship between ammonia and free fatty acids ap- 

pears not to be obligatory. Elevations of serum 
free fatty acids in both of these groups as com- 

pared with chow-fed controls must be due to dif- 

TABLE I 
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EFFECTS OF VARIOUS POTENTIAL ETIOLOGIC FACTORS OF REYE’S SYNDROME, ALONE OR IN COMBINATIONS, 

ON FREE FATTY ACIDS AND AMMONIA LEVELS IN FERRET SERUM 

Results are expressed as mean f S.E. of four or more experiments. Asterisks indicate statistically significant difference (P < 0.05) as 

compared with chow-fed controls. 

Group 

1. Chow-fed control s 

2. Synthetic diet 

3. Influenza infection a 

4. Aspirin treatment a 

5. Influenza and aspirin a 

6. Arginine-deficient diet 

7. Influenza and arginine-deficient diet 
8. Aspirin and arginine-deficient diet 

9. Influenza, aspirin and 

arginine-deficient diet 

10. Urease injection a 

Free fatty acids 

(&ml) 

57+ 4.5 

335 + 6.2 * 

55* 8.5 

59+ 7.4 

34+ 14 

348+10* 

220+31 * 
183+41 * 

205k28 * 
271*39* 

Ammonia 

(~S/l@3 ml) 

294+ 21 

231+ 40 

333* 24 

286+ 27 

334+ 18 

4220+572 * 

4660+324 * 
5600+800 * 

476Ok265 * 

9180*850 * 

Observation 

_ 

Sick 

Sick 
Sick 

Sick 

a Ferrets were fed Purina cat chow. 
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ferences in the synthetic and chow diets other than 

their arginine content. Whatever that dietary fac- 

tory may be, it provides a substantial elevation in 

serum free fatty acids that mimics that found in 

Reye’s syndrome patients, and thus provides a 

means of examining the relation of such elevations 

to other changes accompanying illness in the 

model. 

According to Morris and Rogers [14], synthetic 

diet may be absorbed faster than normal chow 

diet, since digestion is not required. This would 

produce a high level of amino acids in the serum 

and a high amount of deamination in the liver. 

The ketogenic amino acids may possibly be the 

source of high free fatty acids levels in the syn- 

thetic and arginine-deficient diet-fed groups. 

Purina cat chow contained about 8% of animal fat 
whereas the synthetic and arginine-deficient diets 

contained 25% of corn oil. This difference may 

also contribute for the observed differences in the 

serum free fatty acids levels between the synthetic 
or arginine-deficient group and chow-fed control. 

There was no significant difference in levels of 

serum free fatty acids between groups fed the 

deficient (groups 6-9) and supplemented diets 

(group 2). All of the deficient ferrets were sick and 

hyperammonemic whereas the supplemented fer- 

rets appeared healthy and had normal ammonia 

levels. Thus, although the sickness is associated 

with both elevated ammonia and serum free fatty 

acids levels (in the deficient diet group), elevated 

serum free fatty acids alone (in the synthetic diet 

group) was not associated with sickness. Our re- 

sults unfortunately did not determine whether the 
sickness can also occur in hyperammonemic fer- 

rets with normal levels of serum free fatty acids. 

That the severity of illness is not closely associated 
with the level of serum free fatty acids in hyperam- 

monemic ferrets is indicated in comparisons of 

groups 6 and 9. Although the serum ammonia 

levels in these two groups were not significantly 

different, a much more severe illness was associ- 

ated with moderately decreased serum free fatty 

acids levels in the deficient group treated with 

aspirin and influenza virus as compared with the 

group treated with arginine-deficient diet alone 

(groups 7-9 vs 6). 

Influenza infection alone (group 3) did not cause 
significant changes in serum free fatty acids com- 
pared with the chow-fed controls. Influenza- 

infected ferrets fed the arginine-deficient diet 

(group 7) had moderately lower serum free fatty 
acids levels than those treated with the arginine- 

deficient diet alone (group 6). These results are 

consistent with a report that influenza infections 

in humans did not cause significant increases in 

serum free fatty acids [21]. In the ferret studies, 

influenza infection alone also did not cause signifi- 

TABLE II 

EFFECTS OF VARIOUS POTENTIAL ETIOLOGIC FACTORS OF REYE’S SYNDROME, ALONE OR IN COMBINATION, 

ON MAJOR FREE FAlTY ACID LEVELS IN FERRET SERUM 

The fatty acid abbreviations show the chain length and number of double bonds in the acid. Results are expressed as mean + S.E. of 

at least three experiments. Asterisks indicate statistically significant difference as compared with chow-fed controls (P < 0.05). 

Fatty acid 

14:o 
16:0 

16: I 
l8:O 

18: 1 
18:2 

20:4 

Total 

Concentration of free fatty acids (pg/ml) 

Chow-fed Arginine- Influenza, 

control deficient aspirin and 

diet arginine-deficient diet 

2.2 f 0.23 4.6 k 0.7 * 2.8 + 0.32 
14.8 f 0.80 84.0 + 4.2 * 55.1+ 2.9 * 

1.7kO.22 13.6* 1.1 * 7.0* 1.1 * 
9.1+0.90 47.3 & 3.8 * 33.2 k 4.7 * 

15.7 f 0.90 158.Ok2.4 * 91.6k6.1 * 

7.5 f 1.1 55.75 1.5 * 22.3 + 0.5 * 

1.3 + 0.07 3.6f 1.5 * 2.2kO.15 * 

53.3 k 2.90 363.0 + 9.5 * 215.0+ 10.5 * 

Synthetic Urease 

diet injections 

6.5kO.16 * 5.6+ 1.2 * 
87.5 i 2.7 * 61.1 + 6.7 * 

15.9 * 0.4 * 10.9+3.1 * 
43.6* 1.8 * 43.7 f 2.0 * 

130.0* 1.8 * 100.0~ 12.2 * 

47.0 * 3.5 * 30.0 f 5.0 * 

I .8 + 0.28 1.1+0.1 

332.0_+ 3.2 * 258.0 k 29.0 * 
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cant changes in serum ammonia levels. These fer- 

rets did not develop encephalopathy or other obvi- 
ous signs of illness, other than fever (rectal tem- 

perature, 103-105°F). 

Aspirin treatment of infected (group 5) or non- 

infected (group 4) ferrets did not cause significant 

changes in serum ammonia or serum free fatty 

acids levels as compared with chow-fed controls. 

Animals in these groups did not develop en- 

cephalopathy or obvious signs of illness during the 

period of observation. 

Gas-liquid chromatography of serum free fatty 

acids was done only with those groups in which 

large increases in the concentrations of serum free 

fatty acids were noted. Only the major compo- 

nents of the serum free fatty acids pool are shown 

in Table II. Significant increases in the saturated 

and unsaturated free fatty acids were found in 

groups fed either the synthetic or deficient diets 

and also in the urease-injected as compared with 

chow-fed controls. However, the percent distribu- 

tion of the individual free fatty acids was not 

increased significantly, except for the 18 : 1 com- 

ponent (40% as compared with 29%). Urease-in- 
jetted ferrets also had a similar increase in the 

percent distribution of the 18 : 1 component. The 
percent distributions of the 14 : 0 and 20 : 4 com- 

ponents were decreased in the deficient and syn- 
thetic groups (groups 6 and 2) as compared with 

chow-fed controls. It has been reported that in 
Reye’s syndrome patients individual and total 

serum free fatty acids were elevated during the 

illness [4]. In this study, serum free fatty acids and 

ammonia were determined in blood samples taken 

immediately after the deficient animals became 

sick (shortly after feeding). Free fatty acids analy- 

sis of samples taken at various time intervals may 

give a broader picture of the free fatty acids pro- 
files and their relation to serum ammonia levels in 
ferrets. 

Previous studies showed that ferrets fed the 
deficient diet develop increased levels of liver lipids 

as compared with the chow-fed controls [12]. Fer- 
rets infected with influenza B virus and/or treated 
with aspirin prior to treatment with arginine-defi- 
cient diet also had significant increases in liver 
lipids as compared with those on cat chow (Ref. 12 
and Table III). Parallel increases in liver tri- 
acylglycerol were found (Table III). Similar 

TABLE III 

EFFECTS OF VARIOUS POTENTIAL ETIOLOGIC FAC- 

TORS OF REYE’S SYNDROME ON LIVER LIPIDS IN 

FERRETS 

Results are expressed as mean &-S.E. of at least four experi- 

ments. Asterisks indicate statistically significant difference as 

compared with chow-fed controls (P < 0.05). 

Group Total lipids Triacylglycerol 

(mg/g) (mg/g) 

Chow-fed control 26+2 13.0&0.7 

Synthetic diet 78k5.4 * 24.8+ 1.7 * 

Arginine-deficient diet 59+6.1 * 20.2+ 1.8 * 

Infection, aspirin and 

arginine-deficient diet 76k4.5 * 23.7+ 1.1 * 

Urease injection 66 f 2.0 * 18.OkO.6 * 

changes in total lipids and triacylglycerol of liver 

were found in the synthetic diet group. Urease 

injection also resulted in increased levels of total 

liver lipids and triglycerides. 

In conclusion, the ferret model resembled Reye’s 

syndrome in developing increased levels of indi- 

vidual and total serum free fatty acids, liver tri- 
acylglycerol and total lipids. As with the serum 

free fatty acids, the lipid changes appear to be 

attributable to properties of the synthetic diet other 
than the arginine content, as shown by the similar- 
ities of these changes in the deficient and 

arginine-supplemented groups. Ketogenic amino 

acids may also contribute for the increased liver 

lipids and triacylglycerol in the synthetic and 

arginine-deficient diet groups, because the keto- 

genie amino acids are rapidly converted to fatty 

acids, which not only enter the plasma but also are 

stored in the liver as triglycerides and other lipids. 

Although hyperammonemia, lipidosis and en- 

cephalopathy are often associated, their relation- 
ship is not clear. The above experiments with 

ferrets suggest that elevations of serum ammonia, 
serum free fatty acids or liver lipid levels, or 

combinations of these factors, are not sufficient to 

precipitate the development of encephalopthy. 
Other factors that might possibly influence the 
development of encephalopathy include the site of 
ammonia formation and the nature of the free 
fatty acids that were not measured in this study 
(short-chain fatty acids, for example; see Refs. 7 
and 22). The ferret model may be useful for ex- 
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amining additional factors that may help to pre- 

cipitate the encephalopathy. 
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