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Effects of some hepatomegalic agents on liver DNA content: 
relationship to changes in liver blood flow 

A. C. WILSON*, C. R. HiLEYt,  Department of Pharmacology, University of Cambridge, Hills Road, Cambridge, CB2 2QD, 
U. K .  
Hepatic microsomal enzyme induction is the mechanism 
underlying a number of interactions between thera- 
peutic agents. Phenobarbitone is the drug which is best 
known for this action but it has been pointed out that the 
increase in enzyme activity alone is not sufficient to 
account for all the changes in pharmacokinetics obser- 
ved during the administration of this compound (Ohn- 
haus et a1 1971). More recently it has been shown that, 
in the rat, phenobarbitone increases liver blood flow 
(Nies et a1 1976; Yates et a1 1978; Hiley et a1 1981) as 
well as increasing liver size and enzyme activity and this 
would help to account for the changes in pharmaco- 
kinetics observed for some drugs (Wilkinson & Shand 
1975). Other agents, including antipyrine and chlor- 
diazepoxide, do not produce concurrent increases in 
liver blood flow and hepatic microsomal drug metabol- 
king activity although, like phenobarbitone, they do 
increase liver mass (Nies et al 1976; Yates et al 1978). 

These previous studies have shown that action on 
hepatic microsomal enzyme activity does not itself lead 
to changes in liver blood flow. Hence differences in 
other cellular changes produced by these hepatomegalic 
agents may be responsible for their failure to increase 
liver blood flow in a manner similar to phenobarbitone. 
The basis of the liver enlargement resulting from 
phenobarbitone treatment is now thought to be cellular 
hypertrophy, evidence having been gained from studies 
of both hepatic DNA content and hepatocyte size 
(Staubli et all969; Shenoy & Peraino 1977; Sweeney et 
a1 1978). Hepatic DNA was also used by Miner & Gaito 
(1979) as an index of the degrees of cellular division and 
growth obtained following treatment of rats with 
phenobarbitone and the glucocorticoid, 6-methyl- 
prednisolone. They found that both compounds in- 
creased cell size rather than cell number. 

In order to attempt to correlate the change in liver 
blood flow and mechanism of liver enlargement pro- 
duced by some hepatomegalic agents, whether hyper- 
trophy of the cells or cellular division, we have 
determined the effect of 6-methylprednisolone on liver 
blood flow and measured hepatic DNA content in rats 
treated with this compound and two other liver enlarg- 
ing agents, antipyrine and chlordiazepoxide. 

t Correspondence. 

* Present address: Department of Pharmacology and 
Therapeutics, University of Liverpool, P.O. Box 147, 
Liverpool L69 3BX, U.K. 

Materials and methods 
Treatment of animals Groups of weight-matched male 
Wistar rats (Bantin & Kingman Ltd) were given the 
compounds being investigated twice daily by intraperi- 
toneal injections for 5 days. The volume of injection was 
2 ml k g l  and all drug solutions were made fresh 
daily. Antipyrine was obtained from Sigma; 6- 
methylprednisolone succinate (Soh-Medrone for injec- 
tion) from Upjohn Ltd and chlordiazepoxide hydro- 
chloride (Librium for injection) from Roche Products 
Ltd. Dose values given in the text refer to the quantity 
of parent compound, not that of the derivative. 
Determination of liver blood flow Hepatic blood flow 
and cardiac output were measured as described previ- 
ously (Hiley et a1 1980) using 15 f 3 pm diameter 
radioactive microspheres labelled with 85% (3M Med- 
ical Products, St Paul, MN, U.S.A.). The animals were 
treated with vehicle or test compound for 5 days and 
then starved for 16 h before experimentation. 
Measurement of hepatic DNA. DNA content was 
determined by the diphenylamine colour reaction des- 
cribed by Burton (1956) as modified by Bevan et a1 
(1976). Following treatment as above, the animals were 
killed by cervical dislocation and their livers rapidly 
removed, blotted dry and weighed. Duplicate 
200-300 mg samples of livers were homogenized in 4 ml 
ice-cold 6% (wh) trichloroacetic acid (Fisons A.R. 
grade) using a Teflon-in-glass homogenizer. The 
homogenate, plus a 3 ml trichloroacetic acid rinse of the 
homogenizing tube, was centrifuged at 18 000 g (max.) 

Table 1. The effect of 5 days of 6-methylprednisolone 
treatment on liver blood flow in male Wistar rats. 

Saline 6-meth lprednisolone 
Z m l k g '  17mgk 7 26mgk 1 

(n = 8 )  (n='$ ( n =  8 8  
Cardiac index ~ ~~~~~ 

(ml min-l per 100 g 
bod wt) 20.7 f 0.9 18.5 f 0.9 24.3 ? 1.3' 

Liver {lood flow 
(ml min-l per 100 g 

(mlrnin-lpergliver) 1.31 f 0.09 1.59f 0.08' 1~80?0~11**  

bod wt) 4 . 8 0 f  0.26 5.53 f 0.29' 7.35 f 0.53'" 
Liver {lood flow 

% cardiac output 
received byhepato- 

(g per lb g body wt 

splanchnic bed 2 2 . 3 f 2 . 1  29.9?0.9** 30,Ok 1.1" 
Liver wei ht 

Increaseinbodywt(%!) 11.1? 1.1 2.6% 1.2"' 3 . 6 i 3 . 2 '  
3.46 ? 0.07 3.66 f 0.05' 4.09 f 0.15' 

Values are given as means i s.e.m. and n represents the number of 
animals in the group. Statistical com arison was by analysis of variance: 
* P < 0.05; * *  P < 0.01; * * *  P < 8401. The doses given were daily 
doses and the quantity refers to the parent compound, not the succinate. 
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Table 2. Effect of 5 davs treatment with 6-methvlprednisolone on hepatic DNA and protein content in the male Wistar rat. 

Saline 
2 ml k g l  
(n = 4) 

Liver weight (g per 100 body wt) 4.44 f 0.06 
Hepatic DNA content &g per g liver) 2.32 f 0.07 
Hepatic DNA content (mg per 100 g 

Hepatic microsomal protein (mg per g 

Initial body wei ht ( ) 
Final body weft (g! 

body wt) 9.97 f 0.34 

liver) 30.1 f 1.2 
13.1 f 1.2 Protein: DNA ratio 
177 f 2 
246 f 4 

Increase in bo y weight (%) 39.6 f 2.5 

6-Methylprednisolone 

(n = 4 7  
13mgk 

4.74 f 0.08* 
2.18 f 0.10 

9.95 f 0.66 

29.2 f 1.4 
13.5 f 0.8 
180 f 4 
222 f 6 

23.3 f 1.8*** 

Saline 
2 ml kg-1 
(n = 4) 

3.44 f 0.09 
3.76 k 0.12 

12.87 L 0.25 

32.2 f 1.0 
8.6 f 0.6 
195 f 3 
217 f 2 

11.2 f 1.6 

6-Methylprednisolone 

(n = 4 7  
26mgk 

4.26 f 0.21** 
3.44 f 0.14 

14.55 f 0.25*' 

28.9 f 0.4* 
8.3 f 0.9 
197 f 2 
203 f 4 
3.2 f 2.0* 

Values are expressed as mean f s.e.m. and n represents the number of animals in the group. Statistical comparison was 
carried out using Student's f-test between the experimental and the appropriate control: *P < 0.05; **P < 0.01. The doses 
given are daily doses and refer to the quantity of the parent compound, not the succinate. 
for 20 min at 4 "C. The supernatant was then discarded, 
the pellet resuspended in 2 ml of 1 M perchloric acid 
(Fisons A.R.) and incubated in a water bath for 15 min 
at 70 "C. The suspension was then centrifuged as above, 
the supernatant being decanted and retained. The hot 
extraction and centrifugation steps were repeated on 
the pellet and the pooled supernatants diluted to give 
0.5 M perchloric acid. 1 ml portions were used in the 
DNA assay. 

The diphenylamine reagent was made fresh every 2 
weeks using Fisons analytical grade reagents and 
protected from light. The reagent mixture was prepared 
as described by Burton (1956). Calf thymus DNA 
(highly polymerized, Sigma Type 1) was used as a 
standard; the stock solution of 4 mg ml-1 in 5 mM 
NaOH was kept refrigerated and working solutions 
were made every 3 weeks by the addition of an equal 
volume of 1 M perchloric acid, incubating at 70 "C for 15 
min and diluting as required to give 0.5 M final 
perchloric acid concentration. The rest of the procedure 
followed that of Bevan et a1 1976. 
Microsomal protein. The remainder of the liver not 
required for DNA estimation was homogenized in 
ice-cold 1.15% KCI to give a 30% (w/v) homogenate. 
The microsomal fraction was obtained as described by 
Yates et a1 (1978) and the microsomal pellet, resuspen- 
ded in 10 ml or 0.2 M phosphate buffer, pH 7.4, was 
assayed for protein content using the method of Lowry 
et a1 (1951). 

Results 
Table 1 shows that 6-methylprednisolone produced 
dose-dependent increases in liver weight and liver blood 
flow whether the latter is expressed relative to body 
weight or liver weight. With the lowest daily dose, 
17 mg kg1, the increase in liver blood flow was the 
result of an increased distribution to the hepatosplanch- 
nic bed whereas, at the higher daily dose of 26 mg k g l ,  
there was also a contribution from an enhanced cardiac 
output. The percentage increases in hepatic blood flow 
relative to body weight, 15 and 53% respectively for the 
lower and higher daily dose, were considerably greater 

than the increases in liver weight relative to body weight 
(6 and 18%) with the result that liver perfusion per unit 
mass of the organ increased significantly by 21 and 37%. 
However, it must be noted that the greater liver weight 
relative to body weight in the experimental groups when 
compared to the controls is partly the result of the 
significant reduction in weight gain caused by the 
treatments with the glucocorticoid. 

In the experiments detailed in Table 2 it may be seen 
that both doses of 6-methylprednisolone produced 
greater liver weights relative to body weight; 26 mg kg-1 
daily produced a 24% greater liver to body weight ratio 
and 13 mg kg-1 daily an enhancement of 7%. Again, a 
considerable part of this apparent change was the 
reduced rate of weight gain observed in the 6- 
methylprednisolone treated animals; the mean liver 
weight for the group receiving 13 mg k g '  6-methyl- 
prednisolone daily was 10.5 g and that for the corre- 
sponding control was 10.9 g. 

Table 2 also shows that only the larger of the two 
doses produced changes in hepatic DNA or microsomal 
protein. Hepatic DNA relative to liver weight was 
unchanged but the hepatic DNA to body weight ratio 
was significantly greater than in the saline-treated 
animals; this was again largely the result of the lesser 
increase in body weight in the animals given glucocorti- 
coid. There was only a 6 %  increase in total hepatic 
DNA in these animals which was not statistically 
different from the amount determined in the control 
group. 

Table 3 shows that both chlordiazepoxide and antipy- 
rine at the single doses given produced increases in liver 
weight relative to body weight. There were no differ- 
ences in the rate of weight gain between the experi- 
mental and the control groups in this experiment. 
Chlordiazepoxide at 40 mg k g l  daily increased liver 
weight relative to body weight by 10% and the 
treatment with 80 mg kg-1 antipyrine by 8%. There 
were significant falls of 14% for chlordiazepoxide and 
26% for antipyrine in DNA content per unit mass of 
liver. Antipyrine also caused a reduction in hepatic 
DNA content relative to body weight of 20%. Hepatic 
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Table 3. Effects of treatment for 5 days with chlordiaze- 
poxide or antipyrine on hepatic DNA and protein content 
in the male Wistar rat. 

Saline Chlordiazepoxide Antipyrine 
2mlk  40mgk I 80mgk I 

( n = $  ( n = 4 7  ( n = d F  
Liver weight (g per 

Hepatic D N A  content 
(mg per g liver) 

Hepatic D N A  content 
(mgper100gbodywt)12.8f  0 .3  

Hepatic microsomal 
rotein (mg per g 

Protein: DNA ratio 
Increase in body weight 

100 g bodywt) 3.39 2 0.09 

3.77 ? 0.05 

Ever) 38.0 f 0.8 
10.1 f 0.3 

(%) -1.9 k 1.4 

3.73 2 0.07' 

3.22 f 0.05" 

12 .0 fO.1  

40.8 f 1.8 
12.7 k 0.7* 

-0.5 2 0.5 

3.66 2 0.06 

2.80 2 0.04.' 

1 0 . 3 f  0.2"' 

40.7 f 1.6 
14.5 2 0.3"' 

1.6 f 0 .4  

Values are expressed as mean * s.e.m. and n represents 
the number of animals in the grou Statistical comparison 
was by analysis of variance: < 0.05; **P < 0.01; 
* * *  P < 0.001. The doses given are the daily dose and in 
the case of chlordiazepoxide quantity of it refers to the free 
base. 

microsomal protein content was unchanged by either 
drug treatment but, as a resuli of the decreases in DNA, 
there were enhanced ratios of hepatic protein: DNA. 

Discussion 
We have shown that 6-methylprednisolone shares with 
phenobarbitone the property of increasing hepatic 
blood flow by causing a redistribution of cardiac output 
in favour of the organs of the hepatosplanchnic region 
with a consequential increase in the blood flow per unit 
mass of liver. The glucocorticoid also appeared to be 
like phenobarbitone in that liver weight relative to body 
weight was increased. However, the effect of 6- 
methylprednisolone in reducing weight gain renders 
difficult the interpretation of data related to body 
weight. This consequence of glucocorticoid treatment is 
well known (Winter et al 1950) and a specific effect on 
the liver has also been reported in that they decrease 
thymidine incorporation into regenerating livers (Hen- 
derson & Loeb 1970). 

Miner & Gaito (1979) concluded that hepatocyte 
enlargement occurred following treatment with 
20 mg k g *  6-methylprednisolone acetate (equivalent to 
17 mg k g l  of the parent compound) daily for 5 days; 
hepatic DNA relative to liver weight declined but was 
unchanged relative to body weight. In our experiments 
neither dose of 6-methylprednisolone (equivalent to 15 
and 30 mg k g '  of the acetate daily) caused significant 
changes in hepatic DNA content although with the 
largest dose the change almost reached the 5% level of 
significance (0.1 > P > 0.05). Consequently we are 
unable to confirm the conclusions of Miner & Gaito 
(1979) that 6-methylprednisolone produces hepatic 
enlargement by cellular hypertrophy. The enhancement 
in hepatic DNA relative to body weight observed with 
the larger dose in this study cannot be taken to indicate 
an increase in hepatocyte number since it was largely the 
result of decreased growth rate and there was no 
significant increase in total hepatic DNA. 

We have previously observed that phenobarbitone 
causes a decrease in hepatic DNA per unit mass of liver 
(Berman et all983) which may be taken as an indication 
that this compound produces hepatic enlargement by 
means of cellular hypertrophy. Similar conclusions have 
been reached by other workers on the basis of measure- 
ment of DNA and hepatocyte size (Staubli et al 1969; 
Shenoy & Peraino 1977; Sweeney et a1 1978). Phenobar- 
bitone is only one of a number of compounds which 
increase activity of the enzymes of the liver microsomal 
mixed function oxidase system as well as liver size, but is 
the only one previously shown to increase liver blood 
flow. Accordingly, we investigated the effects of two 
other hepatomegalic agents, chlordiazepoxide and 
antipyrine, on hepatic DNA content in order to 
determine whether or not there was any correlation 
between blood flow effects and the cellular basis of the 
hepatic enlargement. Both compounds reduced hepatic 
DNA content per unit mass of liver suggesting that 
hypertrophy was occurring. In the case of antipyrine 
there was also a decrease relative to body weight 
compared to the control group which would appear to 
indicate some loss of hepatocytes despite the hepatic 
enlargement. Thus the increase in liver size with both of 
these agents is associated with a decline in hepatic DNA 
relative to liver weight which is also true of phenobarbi- 
tone and, perhaps, 6-methylprednisolone. However, 
unlike the latter two drugs neither antipyrine nor 
chlordiazepoxide cause a redistribution of cardiac out- 
put to the liver or the organs draining into the portal 
vein (Yates et al 1978). Hence it would seem that there 
is no relationship between the effectiveness of these 
therapeutic agents at redistributing cardiac output and 
the means by which they bring about hepatic enlarge- 
ment. 

We wish to thank Miss Frances Quinn for expert 
technical assistance. This work was supported by a grant 
from the British Heart Foundation. ACW thanks the 
MRC for a reseach studentship. 
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Interaction of N-alkylaminobenzophenones with benzodiazepine 
receptors 

VIMALA H. SETHY*. CAROLYN L. DAENZER, ROLAND R. RUSSELL, The Upjohn Company, CNS Research, Kalamazoo, 
Michigan 49001, U.S. A 

Triazolobenzodiazepines like alprazolam and triazolam 
have been found to be potent anxiolytics and hypnotics 
in man (Fabre & McLendon 1979; Chatwin & John 
1976). Correspondingly, both alprazolam and triazolam 
have been reported to be very potent in inhibiting the 
binding of [3H]flunitrazepam ([3H]FNZ) to rat crude rat 
brain membrane preparations. The result of in-vitro 
receptor binding assays indicates that these triazoloben- 
zodiazepines may mediate their pharmacological activ- 
ity through benzodiazepine receptors (Sethy & Harris 
1982). N-Alkylaminobenzophenones have been 
reported to have anxiolytic activity in animals (Gall et a1 
1976). The activity of N-alkylaminobenzophenones on 
benzodiazepine receptors is not known. We have 
undertaken a study to determine the activity of these 
compounds on benzodiazepine receptors by using 
[3H]FNZ binding to the mouse crude brain membrane 
preparation both in vitro and ex vivo preparations. The 
results of in-vitro [3H]FNZ binding assays were com- 
pared with ex-vivo [3H]FNZ binding assays and with in- 
vivo EDSO's of these compounds required to protect the 
mice against leptazol (metrazo1)- and nicotine-induced 
seizures. 

Methods 
In-vitro [3H]FNZ binding to crude mouse brain mem- 
brane preparation for the determination of inhibition 
constants (Ki) of alprazolam and N-alkylamino- 
benzophenones was carried out by the method pre- 
viously described (Sethy & Harris 1982). Ex-vivo 
[3H]FNZ binding assay was based on the guideline 
described by Nakajima et a1 (1981). 

Male albino CF-1 mice bred at The Upjohn Company 
were used for ex-vivo [3H]FNZ binding assays. Animals 
were kept under constant diurnal lighting and temperat- 
ure conditions before use and were killed at approxi- 
mately the same time of day. 

Alprazolam was dissolved in 2% ethanol. Com- 
pounds I, I1 and 111 were dissolved in distilled water. All 
drugs were administered by the intravenous route. 

* Correspondence. 

Control mice received equal volumes (1 m1/100 g) of 
the vehicle. Alprazolam was injected at a dose of 
3 pmol kg-1. Compounds I, I1 and 111 were adminis- 
tered at a dose of 10 pmol k g l .  Animals were killed at 
1, 3, 10, 30 and 60 min after administration of drug. 
Whole brain, minus cerebellum, was quickly removed 
and homogenized in 50 volumes of cold (4 "C) 50 mM 
Tris-HCI buffer, pH 7.4, using a Brinkman polytron 
PCU-2-110 homogenizer for 30 s at setting No. 6. 
[3H]FNZ binding was measured by incubating 1.0 ml 
aliquots of the homogenate with 0.1 ml[3H]FNZ (spec. 
act. 84.8 Ci mmol-1, NEN, Boston, Massachusetts), to 
give a final concentration of 0.7 nM, 0.1 ml of distilled 
water or flurazepam (10 pm) and 0.8 ml of 50 mM 
Tris-HCI buffer, pH 7.4, to give a final volume of 2 ml. 
The mixture was incubated for 30 min at 25 "C and then 
filtered under vacuum through a Whatman GF/B filter. 

Table 1. Effect of alprazolam and n-alkylaminobenzo- 
phenones on in-vitro [3H]flunitrazepam binding to crude 
mouse brain membrane preparation and its correlation with 
in-vivo pharmacological tests. 

ED50: p o l  kg l i .p .  

Drug R Ki (nM) Leptazol Nicotine 
Alprazolam 3.4 0.42 0. I8 

Compound I' -N 'H >IOOoOO 3.2 0.35 
\Me 
/Me 

\Me 
Compound I I *  -N >I(X) oOO 3.1 I . 4  

Compound 111' -N At >lOOoOo 1.3 0.5 
\Et 

* In-vivo test data were obtained from published report of Gall et al 
(1976) J .  Med. Chem. 19: 1057. 


