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Abstract-In view of the reports that adrenocorticosteroids induced de nova synthesis 
of enzymes involved in gluconeogenesis, systematic studies were carried out to compare 
the potency of the various steroids and to establish the smallest dose necessary and 
shortest time required to detect enzyme synthesis for the key hepatic gluconeogenic 
enzymes, glucose 6-phosphatase and fructose 1,6_diphosphatase. 

The potency of triamcinolone, cortisone, hydrocortisone, and methylprednisolone 
(Medrol) as inducers of the gluconeogenic enzymes was compared in a 3-day injection 
schedule in rats and it was found that triamcinolone was the most effective inducer. 
Dose-response studies showed that daily injections of IO mg of cortisone i.m. for 5 days 
or 1 mg of triamcinolone i.p. for 3 days achieved the highest increases in hepatic 
enzyme activities and nitrogen and glycogen content. 

In an effort to achieve a more rapid induction in enzyme synthesis cortisone and 
triamcinolone (25 mg/lOO g) were injected i.p. Both steroids brought about a rapid 
rise in fructose 1,6_diphosphatase activity (128-145 ‘A) in 4-6 hr. Only triamcinolone. 
however, was capable of causing a significant increase in glucose h-phosphatase activity 
during the same period. 

Further dose-response studies with triamcinolone revealed that a single i.p. dose of 
0.25 mg/lOO g was sufficient to induce statistically significant increases in hepatic 
glucose 6-phosphatase (140%) and in fructose 1,6_diphosphatase (159%) activity in 
24 hr. A dose of 0.5 mg was capable of causing a statistically significant rise (I 17-I 21 Y’,,) 
in hepatic gluconeogenic enzyme activity in 6 hr. 

Since rapid increases in liver glucose 6-phosphatase and fructose 1,6-diphosphatase 
activity can be induced by triamcinolone administration, it appears that the mechanism 
of effect of the gluconeogenic corticosteroid hormones at the molecular level entails an 
early stepping up of the rate of synthesis of these key gluconeogenic enzymes. 

SINCE the discovery that cortisone injection increases hepatic glucose-6-phosphatase 
(D-glucose-6-phosphate phosphohydrolase; 3.1.3.9t) activity in the rat,‘, 2 studies 
in various laboratories have confirmed and extended these findings.“, 4 Recently it 
was shown that cortisone administration specifically and preferentially induced liver 
gluconeogenic enzymes without affecting other enzymes involved in carbohydrate 

* This research was supported by grants from the United States Public Health Service (National 
Cancer Inst. Grant No. CA-05034-05), the American Cancer Society, and the Damon Runyon 
Memorial Fund for Cancer Research, Inc. Some of the preliminary results on this subject were pre- 
sented at the Second Symposium on Regulation of Enzyme Activity and Synthesis9 and at the 1964 
meeting of the Federation of American Societies for Experimental Biology.32 

t See Reporr of the Commission on Enzymes. Pergamon Press, Oxford (I 961). 
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metabolism.51 6 That the steroid-induced increases recorded for hepatic G-6-Pase,* 
FDPase (D-fructose-1,6-diphosphate I-phosphohydrolase; 3.1.3.1 l), lactic dehydro- 
genase, phosphohexose isomerase, malic dehydrogenase, and aldolase were due 
to new enzyme synthesis was revealed in current investigations by abolition of the 
increases by treatment with actinomycin,7-9 puromycin,*, 10 or ethionine.fi* 11--1s 
In conducting further research into the mechanism of hormone action on enzyme 
synthesis it has become necessary to analyze carefully the dose and regimen used to 
demonstrate enzyme induction. The present work describes the effect of various types 
of steroid hormones and presents the sequence of events during cortisone- and tri- 
amcinolone-induced enzyme increases. Triamcinolone is the most potent inducer of 
the gluconeogenic enzymes in this series, and hepatic enzyme activity increases as 
early as 4-6 hr after its administration. 

MATERIALS AND METHODS 

Animals and experimental conditions 

Young male Wistar rats with an initial weight of 90-110 g were used in these 
studies. Rats kept in separate cages were maintained on Purina laboratory chow and 
water ad libitum. The following experimental arrangements were used. 

Dose-response studies with cortisone. Rats were given i.m. cortisone injections 
daily for 5 days and killed on the sixth day. Cortisone was given in doses of 2.5, 5, 

10, 20, and 25 mg per 100 g rat. 
Comparison qf the efSect oj’r:arious steroids. Groups of rats were given i.p. injections 

of cortisone, hydrocortisone, Medrol, or triamcinolone for 3 days and killed on the 
fourth day. The steroids were given in doses of 2.5 mg per 100 g rat. 

Dose-response studies ,c,ith friamcinolone. Rats were injected i.p. with triamcinolone 
and killed on the fourth day. Triamcinolone was given to different groups of rats 
in doses of O-25, 0.50, 1.0, 5.0, and 10.0 mg per 100 g rat. 

Sequence of events ujter CI single injection of’ cortisone or triumcinolone. Groups of 
rats were killed at 2, 4, 6, 12, and 24 hr after a single i.p. injection of cortisone or 
triamcinolone. The steroids were given in a dose of 25 mg per 100 g rat. 

Early (6 rend 24 hr) dose-response studies ulith triamcinolone. Groups of rats were 
injected i.p. with triamcinolone and were sacrificed after 6 and 24 hr. Triamcinolone 
was administered to different groups of rats in doses of 0.25, 0.50, 1.0, 5.0. 10.0, and 

25.0 mg per 100 g. 

Tissue preparation and biochemicul methods 

The preparation of liver homogenates and supernatant fluids was described previ- 
ously.5~ s The various biochemical methods,14-l7 cellularity determination18 expres- 
sion and statistical treatment of results have also been referred to elsewhere.* 

All experimental values of the steroid-injected animals were compared with normal, 
untreated control rats sacrificed in each series. The control rats were not injected 
with saline because we have found that physiological saline given in volumes cor- 
responding to those used in these experiments has no effect on the biochemical 
parameters studied.? 

* The following abbreviations are used: G-6-Pase = glucose 6-phosphatase, FDPase = fructose 
1,6_diphosphatase. 
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Chemicnls 

The sodium salts of glucose-6-phosphate and fructose-l ,6-diphosphate were 
purchased from Sigma Chemical Co. Cortisone acetate, hydrocortisone 21-phosphate, 
Medrol (methylprednisolone sodium succinate) (Merck Sharp and Dohme) and 
triamcinolone (Pa-fluoro-1 1-/3,16-a, 17-a,21_tetrahydroxy- 1,4-pregnandiene-3,20- 
dione,l6-a-21-diacetate) (Lederle) were purchased as commercial preparations. 

RESULTS AND DISCUSSION 

enzyme activity during a 5-day injection schedule 

Table 1 shows that the lowest dose used in this experiment, 2.5 mg, was sufficient 
to result in a statistically significant increase in liver/body ratio and homogenate and 
supernatant nitrogen levels. The cellularity was significantly decreased. With higher 
doses the trend of alteration in these parameters became more pronounced. The 
optimum rise for liver/body ratio and nitrogen content was found with the IO-mg 

dose level. 
Table 1 shows that 2.5 mg cortisone resulted in a statistically significant increase of 

145-156x in G-6-Pase and FDPase activity in the average cell. The largest rises for 
G-6-Pase (292%) and FDPase (283%) in the average cell were achieved by 10 mg 
cortisone. Similar values were obtained when results were expressed on a 100-g body- 
weight basis. The .5-day injection schedule used in experiments just described (Table 1) 
was originally adopted after Lowe and associatesls-21 and was used in previous 
studies to provide a comparison. 1, 27 5-s The present results show that the daily 
cortisone dose of 25 mg i.m. can be decreased to lo-fold less and still achieve enzyme 
induction; however, IO mg was the optimum dose for this steroid. Since the nitrogen 

and enzyme increases were lower in the groups injected with 20-25 mg of cortisone 
than in those receiving IO mg, it is thought that toxic effects of cortisone might be 
operating at these high dose levels. A similar interpretation was attached to similar 
findings on the effect of hydrocortisone on tyrosine ketoglutarate transaminase 
activity by Kenney and Flora.22 

actil?ity 

In an effort to select the most potent steroid as an inducer for the gluconeogenic 
enzymes, the smallest effective dose (2.5 mg) reported in Table 1 was chosen for 
these experiments. In an attempt to shorten the induction process and to achieve 
a rapid rise in enzyme activities the drugs were given i.p. for a 3-day 
period. Table 2 compares the effect of cortisone, hydrocortisone, Medrol, and tri- 
amcinolone. Table 2 shows that triamcinolone caused the most marked increase in 
liver/body ratio (162 “/,) and in homogenate nitrogen (150 %) and supernatant nitrogen 
(162?/;;) in the average cell. The increment in nitrogen content induced by the other 

steroids ranged from 129 to I38 “/, of the normal values. 
Table 2 shows that cortisone, hydrocortisone, and Medrol caused approximately 

2-fold increases in hepatic glycogen content. However, triamcinolone resulted in a 3- 
to 4-fold rise in the average cell. Triamcinolone increased G-6-Pase activity in 
the average cell to 208 x, and FDPase activity to 260 %. The increments caused by the 
other steroids ranged from 155 to 185% in the average cell. Similar values were 
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obtained when results were expressed on a 100-g body-weight basis. The results 
indicate that triamcinolone is the most potent inducer of liver G-6-Pase and FDPase 
synthesis. Triamcinolone was also the most powerful in causing hepatomegaly, 
glycogen deposition, and a rise in nitrogen content. The superior effectiveness of 
triamcinolone in causing glycogen deposition confirms previous reports on the 
comparison of potencies of glucocorticoids.““3 z4 

_Efitict qf iwious doses qf’ triamcirlolone on hepatic nitrogen urd glucorieogeliic erlzyme 

uctkity 

Having found triamcinolone the most potent inducer of liver gluconeogenic 

enzymes, our attention turned to establishing the lowest amount of triamcinolone 
necessary to achieve marked increases in enzyme activity. In this experiment different 
doses of triamcinolone (0.25 to 10 mg) were injected i.p. for 3 days, and the rats 
were killed on the fourth day. Thus the experimental arrangement is comparable 
to that in Table 2. The dose-response studies with triamcinolone are summarized in 
Table 3 which shows that 0.25 mg of triamcinolone significantly elevated liver/body 
ratio (128 “/,), homogenate nitrogen (143 %), and supernatant nitrogen (148 %) in the 
average cell. A 4-fold increment in this dose was sufficient to cause maximal or near 
maximal increase in these parameters, and even doses 40-fold higher were little, if any, 
more effective. 

In Table 3 it is interesting that 0.25 mg triamcinolone was capable of increasing 
G-6-Pase activity to 208% and FDPase activity to 248% in the average liver cell. 
The I-mg dose of triamcinolone was the most effective in increasing G-6-Pase (289 %) 
and FDPase (295 %) in the average cell. Raising the triamcinolone doses to 5 or 10 mg 
failed to achieve any further elevation in the enzyme activities. Similar values were 
obtained when results were expressed on a 100-g body-weight basis. These results 
demonstrate that intraperitoneal doses of triamcinolone given for 3 days can achieve 
marked increases with as little as 0.25 mg triamcinolone; 1 mg is the minimal dose 
producing the plateau effect with respect to the induction of gluconeogenic enzymes 
examined. 

l@xt yf’cortisone md triumcinolone at 2, 4, 6, 12, und 24 hr ufter kjectiorz 

In the investigation of primary effects of hormones it is of special importance to 
elucidate how early the biochemical response is detectable after the hormone is 
administered. It has been suggested that the earliest biochemical effects probably 
belong to the primary mechanism of hormone action and therefore are crucial to the 
understanding of the action of the hormone at the molecular level.“5 In the analysis 
of enzyme increases after adrenocorticoid hormone administration detailed studies 
have been carried out by Rosen and Harding and associates with special emphasis 
on the behavior of transaminases,“G-2g and advances in this field have been reviewed 
by Rosen and Nichol.““? 31 

We previously conducted a time-sequence study, using daily i.m. injections of 
25 mg cortisone for 6 days,” which showed that under these conditions hepatic 
FDPase and G-6-Pase rose slowly, since FDPase activity was significantly increased 
statistically at 24 hr, and G-6-Pase at 48 hr, after beginning cortisone treatment. 
However, recent preliminary investigations have indicated that by using the more 
potent triamcinolone through the i.p. route a rise occurs in a few hours.9, 32 Because 
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of the ~nlporta~lce of delnonstration of earty effects of corticoid horjnones on glu- 
coneogenic enzymes, a detailed investigation was undertaken which is now reported. 

Tabies 4 and 5 compare the sequence of events after a single i.p. injection of cortisone 
or triamcinolone during a period of 24 hr. Table 4 shows that with cortisone the 
liver/body weight ratio became significantly increased at 12 hr. However, homogenate 
and supernatant nitrogen content was already significantly elevated at 4 hr. G-6-Pase 
activity did not increase, but FDPase activity was significantly increased at 2 hr 
to 115% and continued to rise to 128, 145, 159, and 178 % at 4,6, 12, and 24 hr. 

Table 5 demonstrates that when a single injection of triamcinoIone was given the 
alterations in the biochemjcal parameters occurred earlier or were more pronounced 
than with cortisone. For instance, the liver/body weight ratio was already signi~cantly 
increased at 4 hr to 120% and to 170% at 24 hr. Homogenate and supernatant 
nitrogen content was also signi~cantIy increased to 115% at 4 hr and rose to lSOo/, 
at 24 hr. Whereas cortisone had no effect on G-S-ease, triamcinolone significantly 
increased it to 123% at 4 hr, and the activity was further elevated to 126, 132, and 
180% at 6, 12, and 24 hr after injection. FDPase activity was significantly increased 
to 146% at 4 hr and continued to rise to 148, 164, and 203% at 6, 12, and 24 hr after 
treatment. 

Since a single triamcinolone injection of 25 mg resulted in marked increases in 
hepatic G-6-Pase, FDPase, and nitrogen content in 4 hr, it became of interest to 
establish the smallest dose of this hormone necessary to achieve the early biochenlical 
effects. For this dose-response study triamcinolone was injected i.p. in concentrations 
of 0.25, 0.50, 1.0, 5.0, 10.0, and 25.0 mg per 100 g rat, and groups of animals were 
kifled after 6 and 24 hr. Since the early effects of triamcinolone may be of particular 
relevance in the elucidation of the role of this hormone in inducing synthesis of 
gluconeogenic enzymes, the results are given in detail in Tables 6-8. 

Table 6 tabulates the effect of different doses of triamcinolone in rats killed 6 hr 
after hormone injection. A hormone dose of O-5 mg was sufficient to cause a statis- 
tically significant rise in liver/body ratio and a drop in liver cellularity. A further 
increase in the triamcinolone dose resulted in an additional increase in liver/body 
ratio and a decrease in ceflularity. The nitrogen content was siglli~cantly increased 
by O-25 mg triaIllcinolone, and higher hormone doses further increased the nitrogen 
content which finally leveled off after the 5-mg steroid dose. 

Table 7 shows the dose-response studies of triamcinolone in animals killed 24 hr 
after injection. The lowest dose, O-25 mg, caused statistically signi~cant increases to 
124131% in homogenate and supernatant nitrogen content. The liver/body ratio 
was elevated, and hepatic cellularity was significantly decreased. By administering 
increasing doses of triamcinolone, higher increases were found in nitrogen content 
with a tendency to level off at the 5-mg dose. However, the most pronounced altera- 
tions for nitrogen as well as liver/body ratio and cellularity were found at the 25-mg 
dose. 

TabIe 8 gives the results of triamcinoIone dose-response studies on hepatic glu- 
coneogenic enzymes in animals killed at 6 and 24 hr after injection. in rats killed at 
6 hr both G-6-Pase and FDPase activities were significantly increased statistically 
by the dose of 0.50 mg (117-121%). When triamcinolone doses were increased to 1, 
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5, 10, and 25 mg: G-6-Pase in the average cell increased to 127, 135, 137, and 139x, 
respectively, and FDPase to 148, 149, 150, and 162%. A similar type of dose response 
was found when enzyme activities were expressed on a 100-g body-weight basis. Thus 
0.5 mg of this steroid was sufficient to induce detectable enzyme synthesis in 6 hr. 
However, 5 mg caused more pronounced increases, but further doses of 10 or 25 mg 
resulted in little additional increase. 

In animals killed 24 hr after triamcinolone injection the dose of 0.25 mg was 
sufficient to give enzyme increases of 141-l 59 “/, for G-6-Pase or FDPase in the average 
cell. A 20-fold increase of the dose failed to give any further increase in this time 
period; however, 10 and 25 mg caused increases to 167 and 200%. Similar findings 
were observed when results were expressed on a 100-g body-weight basis. 

The data in Tables 6-8 reveal that triamcinolone is the most potent inducer of 
G-6-Pase and FDPase activity and that marked increases in hepatic nitrogen and 
gluconeogenic enzyme activities can be detected as early as 4 hr after triamcinolone 
injection. Since these results demonstrated an early rise in these two key gluconeogenic 
enzyme activities, it is of considerable interest that an early increase in phosphoenol- 
pyruvate carboxykinase activity was reported by Lardy and associates.33 These 

three enzymes are placed at strategic points of the gluconeogenic process where they 
are involved in circumventing thermodynamic barriers in the reversal of glycolysis, 
as pointed out by Krebs.3” In consequence, in the mechanism of effect of the glu- 
coneogenic steroid hormones at the molecular level, the early rise in the rate-limiting 
triad of gluconeogenic enzymes may have a crucial roleeg In this connection it is of 

interest that the same three enzymes, G-6-Pase, FDPase, and phosphoenolpyruvate 
carboxykinase, are markedly decreased or absent in rapidly growing liver 
tumors,169 3.5936 where failure of gluconeogenesis was shown by isotope methods in 
incubating tumor slices with pyruvate.37 
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