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Interferon and interferon-inducing agents 
under in vivo and in vitro conditions have 
been found to cause effects which are appar- 
ently unrelated to interferon's well-known 
ability to inhibit viral replication. These 
include altered immune responses (1-3), 
inhibited replication of neoplastic cells (4), 
depressed rate of liver regeneration (5, 6), 
lethality for neonatal mice (7), and sensiti- 
zation of adult mice (8, 9) and rats (10) to 
gram-negative bacterial endotoxin. Renton 
and Mannering (11) demonstrated that an 
injection of interferon-inducing agents in 
rats depressed hepatic cytochrome P-450 
levels and the activities of cytochrome P- 
450-dependent monooxygenases. Other in- 
vestigators suggest that interferon is also 
able to inhibit the hormonal induction of 
certain hepatic enzymes (1 2, 13). 

We have shown that administration of 
bacterial endotoxin (14, 15) or double- 
stranded polyribonucleotide [ poly (r I) - 
poly(rC)] (9) to mice results in inhibited 
hormonal induction of hepatic phospho- 
enolpyruvate carboxykinase (EC 4.1.1.32). 
Since endotoxin and poly(r1) - poly(rC) are 
both interferon inducers (16, 17), the pos- 
sibility that viral infection also inhibits en- 
zyme induction was investigated. Results 
reported in this communication show that 
this occurs in mice infected with Sindbis 
virus, an arbovirus that produces a nonle- 
thal infection in adult mice (1 8). 

Materials and methods. Pathogen-free, 5- 
to 7-week old, female Ha/ICR mice were 
used in these studies and were maintained 
under a 12-hr light-dark cycle. Unless oth- 
erwise stated, food (Wayne Lab Blox) and 
water were available at all times. Sindbis 
virus preparations (ATCC strain A339) 
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were prepared and titrated on chick embryo 
fibroblasts and stored at - 70". Activities 
of hepatic phosphoenolpyruvate carboxyki- 
nase (1 9), tryptophan oxygenase (EC 
1.13.11.11) (20), and tyrosine aminotrans- 
ferase (EC 2.6.1.5) (21) were determined 
in whole liver homogenates as described 
previously. Inteferon titers in mouse serum 
were determined by the 50% plaque reduc- 
tion assay on mouse L929 cells challenged 
with vesicular stomatitis virus. Commercial 
interferon and mock interferon were pur- 
chased from Bionetics Laboratory Products 
(Kensington, Md.). This was produced by 
infecting C243-3 cells with Newcastle dis- 
ease virus (NDV) and contained lo6 units 
of interferon/ml. Mock interferon, prepared 
from the same cells, had NDV added after 
harvest. The virus was inactivated by expo- 
sure to pH 2 for 5 days. Statistical signifi- 
cance was determined by the Wilcoxon rank 
sum test (22). 

Results. Initial experiments demonstrated 
that mice infected intravenously with 1 X 
1 O9 plaque-forming units of Sindbis virus 
maintained a normal base level of phospho- 
enolpyruvate carboxykinase activity during 
the first 12 hr (see Table 111). The same 
level of infection suppressed, however, the 
induction of the enzyme elicited by over- 
night fasting. These results are shown in 
Table I. The increase in enzyme activity 
that occurred in fasted mice was signifi- 
cantly reduced in infected mice. Enzyme 
induction was also significantly inhibited, in 
mice injected with an equal volume of Sind- 
bis virus suspension that had been irradiated 
with ultraviolet light. Since less than 200 
plaque-forming units remained following ir- 
radiation, these results suggest that viral 
inhibition of phosphoenolpyruvate carboxy- 
kinase (PEPCK) induction is not a direct 
result of an active viral infection. 

The interval between Sindbis injection 
and the time when hormonal induction of 
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phosphoenolpyruvate carboxykinase was in- 
hibited was determined in the same manner 
as that described previously for 
poly(r1) - poly(rC) (9). At timed intervals 
following virus or saline injection, 1 mg of 
hydrocortisone acetate (Sigma) was injected 
subcutaneously, and enzyme activity was 
determined 4 hr later. Results are shown in 
Table 11. Enzyme activity was as fully induc- 
ible in virus-infected mice as in normal mice 
for at least 4 hr. Six hours after virus 
infection, however, the enzyme was signifi- 
cantly less responsive to hormonal induction 
( P  I 0.001) and the same was evident also 
at 8 hr. The total elapsed times were, re- 
spectively, 10 and 12 hr. 

The titer of interferon was determined in 
pooled sera of mice 8 hr after an injection 
of either live virus or irradiated virus in 
amounts similar to those used to obtain the 

TABLE I .  HEPATIC PHOSPHOENOLPYRUVATE 
CARBOXYKINASE ACTIVITY I N  FASTED, SINDBIS- 

INFECTED MICE" 

Enzyme Signifi- 
activity* cance vs 

Number (mean f fasted 
Treatment of mice SEM) control 

Fed controls 6 118 ? 15 P s 0 . 0 1  

Fasted + 1 x lo9 6 144?  10 P I  0.01 

Fasted + uv-irradi- 6 163 ? 8 P I  0.05 

Fasted controls 6 191 2 9 - 

Sindbis PFU 

ated Sindbis 

' l  All injections were made iv in 0.1 ml at 5:OO PM 
when food was withdrawn. Enzyme activity was deter- 
mined at 8:00 AM the following day. 

Micromoles of phosphoenolpyruvate formed in 6 
min per gram (dry wt) of liver. 

data in Table I .  For live virus the titer was 
1:160 and for irradiated virus it was 1:200. 
Since live virus inhibited the induction of 
the enzyme significantly more than killed 
virus, there is some doubt as to whether the 
factor responsible for this effect is inter- 
feron. 

This doubt is strengthened by results ob- 
tained with a group of mice injected iv with 
25,000 units of commercial interferon con- 
tained in 0.2 ml and with another group of 
animals given an equal volume of mock 
interferon. After 8 hr half the mice in each 
group were injected sc with 1 mg of hydro- 
cortisone acetate and 4 hr later the livers of 
all animals were assayed for PEPCK activ- 
ity. The control and induced values for mice 
given interferon were, respectively, 146 * 
5 for seven mice and 150 & 9 for seven 
mice. Corresponding values for mice given 
mock interferon were, respectively, 152 * 
12 for seven mice and 154 & 10 for seven 
mice. It would appear, therefore, that vi- 
ruses present in both preparations were 
responsible for inhibiting PEPCK induction. 
This is borne out by the results obtained 
when the interferon and mock interferon 
preparations were centrifuged for 1 hr at 
105,OOOg and the experiments just de- 
scribed were repeated with the supernatant 
fluids. The control and induced values for 
mice given an injection with the fluid from 
the interferon preparation were, respec- 
tively, 160 & 13 for seven mice and 276 & 
16 for seven mice. Corresponding values 
for mice given injections from the mock 
interferon were, respectively, 158 & 14 for 

TABLE 11. HEPATIC PHOSPHOENOLPYRUVATE CARBOXYKINASE ACTIVITY IN NORMAL MICE AND IN MICE 
AT DIFFERENT TIMES POSTINFECTION WITH SINDBIS  VIRUS^ 

Time of hydro- 
cortisone ad- 
ministration Control mice Mice infected with Sindbis virus 

(hr after Sind- 
bis infection) Uninduced InducedC U n in d uced Induced 

Enzyme activityb (mean f SEM) 

0 144 ? 7 (8)" 249 ? 6 (14) 145 2 6 (8) 249 & 12 (4) 
2 151 * 1 0  (8) 249 f 6 (14) 149 ? 7 (8) 276 ? 19 (14) 
4 165 2 11 (8) 262 * 9 (14) 

8 166 ? 9 (8) 272 & 8 (7) 151 2 6 (8) 152 ? 5 (14) 

170 f 12  (8) 268 2 12 (14) 
6 168 ? 12 (7) 292 * 14 (8) 158 f 10 (8) 166 k 7 (7) 

~~ 

Mice were infected iv with lo9 plaque-forming units of Sindbis virus at time zero. Control mice were not 
infected. 

'' Micromoles of phosphoenolpyruvate formed in 6 min per gram (dry wt) of liver. 
Mice were injected sc with 1 mg of hydrocortisone acetate at the time postinfection indicated and they were 

Numbers in parentheses represent number of mice used for the value shown. 
sacrificed for enzyme assays 4 hr later. 
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seven mice and 281 * 15 for seven mice. It notransferase, and tryptophan oxygenase. 
is not likely, therefore, that interferon is Bacterial endotoxin (14, 15, 20, 23) and 
responsible for blocking PEPCK induction poly(r1) poly(rC) (9, 24) also inhibit corti- 
in these experiments. costeroid induction of hepatic phosphoenol- 

The effect of Sindbis virus infectiog on pyruvate carboxykinase and tryptophan ox- 
two other corticosteroid-inducible hepatic ygenase . The two toxic substances, how- 
enzymes was investigated also. Results are ever, induce tyrosine aminotransferase ac- 
shown in Table 111. Tyrosine aminotrans- tivity in mice rather than inhibit its induc- 
ferase behaved in a manner similar to that tion (24, 25). Since the enzyme does not 
of phosphoenolpyruvate carboxykinase , Al- induce in endotoxin-treated, adrenalecto- 
though infection did not suppress enzyme mized mice (25), the difference between 
activity in fed mice, enzyme induction by the action of the virus and these two sub- 
hydrocortisone was inhibited significantly in stances is probably dependent on their abil- 
infected mice and in mice injected with ity to stimulate adrenal-cortical secretion. 
virus particles which had been inactivated Our results suggest that virus injection, un- 
by exposure to ultraviolet light. like endotoxin and poly(r1). poly(rC), does 

The effect of Sindbis on tryptophan oxy- not result in in vivo steroidogenesis. 
genase, however, differed from that of the We have previously shown that the inhib- 
other two enzymes. Although virus infec- itory effect exerted by endotoxin on phos- 
tion suppressed hormonal induction the phoenolpyruvate carboxykinase is mediated 
base level activity of tryptophan oxygenase , by a factor produced by the poisoned host 
was significantly depressed in infected mice. (26, 27) and suggest that inhibited hor- 
Tryptophan oxygenase, unlike the other two monal induction of the three hepatic en- 
enzymes, is apparently sensitive to some zymes (with the possible exception of t ryp  
direct action of an active viral infection. tophan oxygenase) in Sindbis-infected mice 
This suggestion is supported by the obser- is mediated also. 
vation that the enzyme was not only fully While interferon may be responsible for 
inducible, but was also superinducible in the inhibitory effects in mice treated with 
mice injected with inactivated virus parti- each of these agents, proof will require 
cles. There is no explanation as to why this more highly purified preparations and assay 
occurs. of the enzymes in isolated hepatocytes or a 

Discussion. These results demonstrate hepatoma cell line. It is important to note, 
that an injection of Sindbis virus inhibits however, that the time required for inhibi- 
hormonal induction of hepatic phospho- tion of phosphoenolpyruvate carboxykinase 
enolpyruvate carboxykinase, tyrosine ami- induction in Sindbis-infected mice (6 to 10 

TABLE 111. ACTIVITIES OF CORTICOSTEROID-INDUCIBLE HEPATIC ENZYMES IN SINDBIS VIRUS-INFECTED 
MICE~ 

Phosphoenolpyruvate Tyrosine aminotrans- Tryptophan oxygen- 
Treatment carboxy kinase feraseC ased 

Control 148 ? 17 (10) 6.6 k 0.1 (7) 
12 hr after 1 x lo9 Sindbis PFU 143 ? 10 ( 5 )  w 6.0 ? 0.4 (7) 

12 hr after 1 x lo9 Sindbis PFU; 4 hr 196 -+ 11 (6)e 

6.1 k 0.7 (12) 
1.8 ? 1.3 ( 5 ) e  

Control + 1 mg of hydrocortisone 242 -+ 10 (6) w 25.6 +_ 0.7 (21) 23.3 * 1.4 (12) 

12 hr after uv-Sindbis; 4 hr after 1 mg of 19.9 ? 0.5 ( 7 r  32.1 1.4 (12r 

16.7 2 0.7 (14y 13.0 ? 1.5 (12r  
after 1 mg of hydrocortisone 

hydrocortisone 

a Sindbis virus and uv-inactivated Sindbis were injected intravenously in 0.1 ml of physiological saline at 12:OO 
midnight. Corticosteroid (1 mg of hydrocortisone acetate) was injected subcutaneously in 0.2 ml of saline 8 hr 
later at 8:00 AM. Enzyme activities were determined 4 hr later at 12:OO noon. Values are the mean * SE, and 
numbers in parentheses represent the number of mice used for each determination. 

183 -+ 9 (7)e  

Micromoles of phosphoenolpyruvate formed in 6 min per gram (dry wt) of liver. 
Micrograms of p-hydroxyphenylpyruvic acid formed in 10 min per milligram (dry wt) of liver. 
Micromoles of kynurenine formed in 1 hr per gram (dry wt) of liver. 
Significantly different from corresponding control ( P  5 0.01). 
Significantly different from corresponding control ( P  5 0.001). 
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hr) coincides with the appearance of signifi- 
cant levels of interferon in the serum of 
virus-infected animals (1 6). In addition, in- 
terferon, at least in relatively high concen- 
trations, is known to inhibit steroid induc- 
tion of tyrosine aminotransferase in cultured 
hepatoma cells (1 2 ,  28). Our observations 
with commercially available interferon raise 
doubt as to whether the above referenced 
observations and our own in this report are, 
in fact, due to the action of interferon. This 
question will remain unsettled until further 
studies have been completed. 

The metabolic significance of inhibited 
enzyme induction in Sindbis infection re- 
mains to be determined. It is pertinent to 
note, however, that seven fasted, Sindbis- 
infected mice were significantly more hy- 
poglycemic after 15 hr than an equal num- 
ber of fasted controls (64 5 6 versus 87 k 
19 mg of glucose/dl of blood, respectively, 
P < 0.05). While it is premature to attribute 
the low blood sugar level to a suppressed 
activity of phosphoenolpyruvate carboxyki- 
nase, more careful investigation of carbo- 
hydrate metabolism in virus-infected mice 
may prove revealing. 

Summary. Hormonal induction of three 
hepatic enzymes, phosphoenolpyruvate car- 
boxykinase, tryptophan oxygenase, and ty- 
rosine aminotransferase, was significantly 
inhibited in mice infected with Sindbis virus. 
Induction of phosphoenolpyruvate carboxy- 
kinase was suppressed whether it was elic- 
ited by overnight fasting or by administra- 
tion of hydrocortisone. This enzyme re- 
sponded normally to steroid induction 4 hr 
after virus administration, but after 6 hr, it 
was significantly less responsive, The timing 
of this effect corresponds with the appear- 
ance of interferon in the serum of virus- 
infected mice and mice injected with uv- 
irradiated virus, but results with commer- 
cially available interferon make it question- 
able whether interferon is the factor respon- 
sible. 

This research was supported in part by U.S. Public 
Health Research Grant AI-10087. 

1 .  Brodeur, B. R., and Merigan, T. C., J .  Immunol. 
114,1323 (1975). 

2.  DeMaeyer, E., DeMaeyer-Guignard, J . ,  and Van- 
deputte, M., Proc. Nat. Acad. Sci. USA 72, 1753 
(1975). 

3.  

4.  

5 .  

6 .  

7 .  

8. 

9 .  

10. 

1 1 .  

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 
23. 

24. 

25. 

26. 

27. 

28. 

Johnson, H. M., and Baron, S., Cell. Immunol. 
25,106 (1976). 
DeClerq, E. ,  and DeSomer, P., J .  Nat. Cancer 
Inst. 47, 1345 (1971). 
Jahiel, R. I . ,  Taylor, D., Rainford, N.,  Hirsch- 
berg, S. E. ,  and Kroman, R., Proc. Nat. Acad. 
Sci. USA 68,740 (1971). 
Frayssinet, C., Gresser, I . ,  Tovey, M., and Lin- 
dahl, P., Nature (London) 245, 146 (1973). 
Gresser, I., Tovey, M.  G., Maury, C., and Chour- 
oulinkov, I., Nature (London) 258,76 (1975). 
Huang, K., and Landay, M. E., J .  Bacteriol. 100, 
1110 (1969). 
Moore, R. N. ,  and Berry, L. J., Experientia 32, 
1566 (1976). 
Levine, S . ,  and Sowinski, R., Proc. SOC. Exp. 
Biol. Med. 151,329 (1976). 
Renton, K.  W., and Mannering, G. J., Biochem. 
Biophys. Res. Commun. 73,343 (1976). 
Beck, G., Poindron, P., Illinger, D . ,  Beck, J., 
Ebel, J., and Falcoff, R.,  FEBS Lett. 48, 297 
(1974). 
Illinger, D., Coupin, G., Richards, M., and Poin- 
dron, P., FEBS Lett. 64,391 (1976). 
Berry, L. J., Smythe, D. S., and Colwell, L. S., J. 
Bacteriol. 96, 1 1  91 (1 968). 
Rippe, D. F., and Berry, L. J., Infec. Immun. 6, 
766 (1972). 
Stinebring, W. R., and Youngner, J .  S., Nature 
(London) 204,712 (1964). 
Field, A. K.,  Tytell, A. A., Lampson, G. P., and 
Hilleman, M. R., Proc. Nat. Acad. Sci. USA 58, 
1004 (1967). 
Reinarz, A. B. G.,  Broome, M. G., and Sagik, 
B. P., Infec. Immun. 3,268 (1971). 
Phillips, L. J., and Berry, L. J . ,  Arner. J. Physiol. 
218,1440 (1969). 
Berry, L. J., and Smythe, D. S., J .  Exp. Med. 
118,587 (1963). 
Berry, L. J., Srnythe, D. S., and Colwell, L. S., J .  
Bacteriol. 96, 1191 (1968). 
White, C.,  Biometrics 8, 33 (1952). 
Rippe, D. F., and Berry, L. J., Infec. Irnmun. 8, 
534 (1973). 
Berry, L. J., Smythe, D. S., Colwell, L. S., 
Schoengold, R. J., and Actor, P., Infec. Immun. 
3,444 (1971). 
Berry, L. J., Smythe, D. S., and Colwell, L. S., J .  
Bacteriol. 92, 107 (1966). 
Moore, R. N., Goodrum, K.  J., and Berry, L. J., 
J .  Reticuloendothel. SOC. 19, 187 (1976). 
Moore, R. N. ,  Goodrum, K.  J., Berry, L. J., and 
McGhee, J .  R., J. Reticuloendothel. SOC. 12,269 
(1977). 
Vassef, A., Spencer, C., Gelehrter, T. D., and 
Lencyel, P. ,  Biochim. Biophys. Acta 353, 11s 
(1 974). 

Received June 25, 1977. P.S.E.B.M. 1977, Vol. 157. 


