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Abstract-iodized methods for rne~~slire~~~~~t of cytochrome P-450 content of liver hotno- 
gmates, and of formaldehyde produced in demethylation reactions are described. These 
methods have been used to measurecytochrome P-4SOcontent, and metabolism of dimethyf 
nitrowmine in rat liver. Over 80 per wnt of cytochrome P-450 present in liver homogenate 
of phenobarbitone treated rats could he recovered in the microsomal fraction. Feeding a 
low protein-low fat diet reduced the P-450 content of homogenate, and also reduced the 
recovery of cytochrome P-450 in the microsomal fraction to 50 per cent or Icss. The rate 
of metabolism of dimethyl nitrosamine {II riz*o and ilr rirw was increased by fasting and by 
pll~nobarbital treatment. and decreased bj feeding low protein diet. Benzo(a)pyrene treat- 
ment caused a slight increase in the rate of DMN rne~lbolisi~~ in riw and in microsom~s. 
The toxicity of dimethyl nitrosa~iin~ is not altered in parallel with changes in the rate of 
mctabolistn. It is suggested that the amount of toxic metabolite is more inlportant than the 
rate at which it is form& 

THE METABOLISM of the alkyl nitrosamines is of interest, because these compounds 
are toxic. carcinogenic and can be found in the human environment?’ 

The damage caused by alkyl nitrosamincs. and by many other chemicals that cause 
ceII injury, or are carcinogenic. has been attributed to their activation by the micro- 
somai miscd function osidase system, centred on qtochrome P-450. The prc-toxin 
is stable enough to exist in the environment, but its activated reaction products are 
molecules capable of alkylat~ng cell constituents. This type of mechanism seems in- 
volved in the toxicity of CCI,, p~lr~~cetarnol. ben~o(~)pyrelle, pyrroli~idii?e ~likaloids 
and many other compounds.~-~ 

The existence of this mechanism has been taken to imply that an increased rate 
of metabolism of pre-toxic compound will cause increased amounts of cell damage. 
But this argument is not logical, for the ultimate damage could be just as great when 
alkylation proceeds slowly, as when it is rapid. 

In a series of recent publications, Arcos,9’.‘iZ and co-workers have claimed that 
compounds that induce synthesis of microsomal cytochrome P-450, and drug mcta- 
bolism, have the unusual property of “repressing” demethy~ation of dimethyl nitrosa- 
mine. This conclusion was based on changes of demethy~~tion activity per mg of mic- 
rosomal protein. but these changes could have been brought about by one of two 
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mechanisms. Either, the amount of enzyme activity per gram of liver could remain 
constant while the amount of protein recovered in the microsomal fraction increased. 
or else there was a true fall in enzyme activity; per cell, per animal. or per gram of 
liver. 

Thx two related questions. (i.e. is toxicity r&ted to rate of metabolism. and is the 
rate of metabolism altered by inducers) are of interest in assessing the possible intcr- 
actions between environmental inducers and environmental toxins. 

We have been interested in the relation of diet to toxicity. especially because low 
protein diets protect rats against the toxic effects of dimethyl nitrosamine, (DMN), 
while enhancing renal carcinogenesis. “,’ 4 

There are difficulties in measuring metabolism of DMN because the reaction pro- 
cceds slowly, (at a rate of about t ‘50 of the dclll~tl~yl~iti~~ti of ~l~niil(~-l~~ri~lc). I\ ith 
a high ~1pparcIlt K,,t. This means that ~~easurcnl~Ilt of the formaldellydc produced 
is liable to interference from the high blank values, caused by the large ~~rll(~llnts of 
tissue needed. Formation of “CO2 from labelled DMN has been used as an index 
of DMN metabolism, but has the disadvantage of many intermediate steps from for- 
maldehyde to C02, with unknown Iosses on the way. 

Measurement of DMN disappearance is practical ijr riro,” but difficult to apply 
iit r:itro because the high k’,?, and low Q,, for DMN metabolism means that only 
a small proportion of the initial DMN disappears. 

By a modification of the for~lldellyde assay of Nash’” we have been able to mca- 
sure DMN metaboIism sat~sf~lctorily and to observe the effects of diet and inducers 
on the demethyl~~tion of DMN in microsomes and post mitochondrial supern~lt~~rlt 
fractions. By modification of Greim and Remmer’s method,“.‘” of measuring 
cytochrotne P-450 in whole liver homogenates, as well as in microsomcs, we have 
been able to assess the losses of cytochrome P-450, during centrifugation steps in 
preparation of post mitochondrial and microsomal fractions from liver homo- 
gena tes. 

Using these figures for P-450 losses one can make an assessment of the amount 
of drug metabolising activity present in whole liver from the measured activity found 
in the microsomal or post mitochondrial fractions. It is then possible to estimate 
whether II change in specific activity of a microsomal component found after altering 
the diet of the animal. reflects a real change in that component, or merely an 
alteration in the ratio of the measured component. to the mixture of proteins 
in the prccipi tatcd n~icrosomes. 

MATERIALS AND METHODS 

Ruts. Male rats of a Wistar strain were bought {from A. Tuck & Son, Rnylcigh 
Essex, U.K.). and housed in mesh floored cages. Food and water were avuilable rtrl 
/ii?. except for the fasted groups. 

Phenobarbitone was given as a solution containing 1 mg of sodium phenobarbi- 
tone/ml in distilled water as the sole source of drinking water, as previously dc- 
scribed.‘” 

Benzo~~)pyrene was given as a single intraperitoneal injection of 20 mg/‘kg body 
weight. dissolved in corn oil at a concentration of 10 mg,/mI. Purified diets wcrc made 
as previously described,2* and contained 5”;, olive oil as their fat source. 
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Ch~r~rir~~ls. Dimethyl nitrosamine was bought from R. Emmanuel & Son. NADP 
was bought from Boehringer Corp. (London) Ltd., London W.5, U.K., isocitrate and 
isocitrate dehydrogenase from Sigma Chemical Co. London, and other chemicals 
from British Drug Houses, Ltd.,,Poole, Dorset, U.K. 

Tisstrc .strr~~/~lc.s trrlcl ~r.sstr~~.s. Rats were killed by exsanguination under ether anaes- 
thesis. the li\crs I.L'I~C)C'C~ and rapidly cooled in ice cold saline. A 2 g portion was 
homogenized in 1X ml I50 mM KCl, containing 20 mM Tris-HCl buffer, pH 7.4, 
using an Ultra Turrax blender for 8 set (IO”/;, Homogenate). 

Metabolism of dimothyl nitrosamine was measured in the supernatant fractions 
remaining after 7000 c/ maximum centrifugation for 10 min (lOl’, post mitochondrial 
fraction), and also in the microsomal suspension produced when 8 ml of post mito- 
chondrial fraction was precipitated by centrifugation at 100,000~~ (maximum) for 
60 min in a 10 ml unstoppered polycarbonate tube. and the resulting pellet resus- 
pended to 8 ml (1 O”<, microsomes). 

A 5 ml portion of lo”,, post ~nitochondri~~l fraction of liver llol~~ogcn~~te. or an 
c~Lliv~~lellt quantity of microsomal suspension, were added to an incub~~tion mixture 
to give a final vol of 10 ml containing the following: Mg CIZ, 75 pmoles, Na Isoci- 
trate, 30 /lmoles, KH,PO, buffer (adjusted to pH 7.2 with KOH), 500 pmoles. scmi- 
carbizide (neutralized to pH 7.2 with NaOH), 40 itmoles, NADP+ 4.5 jrmoles. Isoci- 
trate dehydrogenase, (@I unit Sigma type 4) were added when microsomai functions 
were assayed. 

The mixture was incubated at 37” in air, in a stoppered 2.5 ml conical flask, and 
the reaction started by addition of dimethyl nitrosamine, to give a concentration of 
1.4 ~lmolesiml. 2.5 ml samples of the incubation mixture were taken out at zero time, 
and after IO and 20 min incubation. Protein was precipitated by addition of 1 ml 
saturated barium hydroxide, and the sample neutralized with 1 ml of a 20?,, w/v zinc 
sulphate solution.” 

Formaldeh>dc was measured in the supernatant by the method of Nash.“‘ with 
the following modification. 2.5 ml of sample were incubated with 1 ml of double 
strength Nash reagent at 60” for 30 min. the sample was cooled. and the colour 
extracted into I.5 ml amyl alcohol. and the optical absorption at 421 nm mcasurcd. 
The amyl alcohol extraction removed the high and variable blank values that were 
due to turbidity from glycogen and other interfering substances. 

C~tc~h~or~~c P-450 was measured by developing the method described briefly by 
Grcim.” where both cuvettes are gassed with CO and one is reduced with dithionite. 
This allows the P-450 content of homogenates to be measured as long as certain pre- 
cautions arc observed. In the present expcrime~lts the cytochrome P-450 content of 
hornogcll~ltes and microso~les was measured using the fotlo~ving criteria for accepta- 
bility of any rne~~sL~ren~eIlt. The homogen~lte should contain 5-20 mg of tissue/ml in 
0.1 M ~-phosphate buffer. The absolute absorbance of honiogenate vs water should 
be tcss than 1 at 450 nm. The baseline (homogenate vs homogenate) must be level, 
with the change of absorbance between 490 and 450 nm less than 0005, and from 
490 to 430 nm less than 0.02. 

Reduction should he carried out with a minumum amount of dithionite, (about 
1 mgjml), and should result in a peak due to cytochrome b, at 424 nm, separate from 
the cytochrome P-450 peak at 450 nm. 



The A absorbance from 490 to 470 should be less than 0.003. The cuvettes should 
be kept cool throughout, and rapid changes of absorbance with time indicate precipi- 
tation of sulphur in the cuvette. The cuvette containing the non-reduced suspension 
should have air bubbled through it briefly with a Pasteur pipette to prevent reduction 
of cytochrome P-450 by NADPH produced from endogenous substrates. 

The P-450 content is calculated from the peak to trough of absorbance (between 
490 and 450 nm), using the millimolar extinction coefficient of 91. The peak of absor- 
bance at 450 nm develops in the course of 2 min after addition of dithionite. (In con- 
trast to the immediate maximum found with the addition of CO in the method of 
Omura and Satoz2). 

With these precautions, satisfactory measurement of cytochrome P-450 can be 
made using the Unicam SP800 spectrophotometer with external recording amplifica- 
tion, on homogenates of human, or rat liver. A 4 mm wide, 10 mm path length semi- 
micro cuvette used in the forward position of the spectrophotometer gives satisfac- 
tory results, and enables the cytochrome P-450 content of needle biopsy samples of 
liver to be measured. 

L?im&kyl vtitvmcmirre in plasrntr. Dimethyl nitrosamine was injected intra-peri- 
toneally as a solution in sahne containing 18 mgiml DMN. Groups of rats were 
killed at intervals and blood samples taken from the carotid artery. DMN was then 
isolated from plasma. One mi of plasma was mixed with 1 ml of distilled water. I ml 
2O”b w/v ZnSO, in 0.25 N H,SO, and 1 ml O-75 N NaOH. The mixture was ccntri- 
fuged to bring down the precipitated protein, and 2 ml of the sllpernata~lt fluid was 
mixed with 2 ml distilled water, 0.05 ml 1 N H,SO, and about 400 mg NaCI. The 
mixture was gently distilled from a IO ml pear shaped distillation flask, and tfte first 
2 ml of distillatc collected. This contained over 80 per cent of added DMN. The 
DMN was then estimated as nitrite by the method of Daiber and Preussman.“’ after 
photochcmical splitting in a quartz 3 ml spectrophotometer cuvette irradiated for 
30 min, 15 cm from a Hanovia photochemical reactor lamp. 

RESULTS 

The modified method of measuring cytochrome P-450 gives the same results as 
the method of Omura and Sate,“’ when applied to microsomal suspensions, in addi- 
tion to which it gave consistent results using liver homogenates. 

Table 1 shows that feeding a low protein diet reduces the P-450 content of liver 
honlogen~~te to one half that found in rats fed stock diet. while phenob~~rbit~~lle in- 
creases cytochrome P-450 by a factor of 3.5. 

The amount of cytochrome P-450 recovered in the microsomal fraction varies with 
the amount originally present. For phenobarbitone treated rats containing large 
amounts of cytochrome P-450, recovery is 84 per cent. a smaller starting con- 
centration gives a lower percentage yield. The losses during preparation tend to exag- 
gerate the eflects of diet and phenobarbitone on the microsomal fraction, in compari- 
son with the changes brought about in the original liver homogenate.‘” 

Incubation of DMN with microsomes or post mitochondrial fraction resulted in 
the form~~tion of formaldehyde. In experiments using low concentrations of DMN, 
1 mole of forInaldehyde was recovered per mole of DMN disappearing. The other 
methyl group presumabty disappears into rnet~lylatioil reactions.* 
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TAHL~ 1. MEASUREMENT OF CYTOCHROW P-450 IN RAT IAVER HOMOGENATES ANU CELL FRACTIOKS 

Percentage of original cytochrome P-450 
from liver homogenate recovered by 

fractionation procedure 

Treatment 
Homogenate: P-450 

(nmoles.ig liver) 

Post mitochondrial 
fraction 

(“A 

Microsomes 

(PA 

Low protein diet 18.2 k 4.2 (23) 57 f I2 49 f I1 

Stock pellets (4lB) 39.8 k 8.5 (21) 74f 10 64 f 7 

Stock + phenobarbitone 142 * 35(11) 83 & 12 84 k 5 

Male rats weighing 100-200 g were fed stock diet, or 3?/, casein diet for at least 1 week, and cytochrome 
P-450 measured as described in the section on Methods. Results are expressed as means k SD. Number 
of determinations each from a separate rat is given in parentheses. 

Percentage yield is calculated as: (P-450/ml lo”,, fraction)/(P-450/ml 102, homogenate) x 100. 

The reaction was inhibited by carbon monoxide; (35% inhibition on incubation 
in 25% CO 75% air), and the reaction proceeds linearly with time and amount of 
tissue for 20 min, so long as the amount of liver added does not exceed 50 mg/ml 
incubation medium. The apparent Michaelis constant was approximately 0.25 mM, 
which does not disagree with the values of 0.22 and 0.53 mM quoted on various occa- 
sions b> Venkatcsan c’t. rrl.’ I.” 

Table 2 shows that fasting causes a great increase in DMN demethylation activity. 
This increase is present whether the results are expressed per g of tissue, or per mg 
of microsomal protein, or per rat. In contrast, benzo(a)pyrene treatment caused no 
significant change in DMN metabolism per gram of liver in either fed or fasted rats. 
The increase in microsomal protein due to benzo(a)pyrene would however produce 
an apparent fall in DMN demethylating activity if this were calculated per mg of 
protein. Low protein diet causes DMN metabolism to fall by about 50 per cent as 
has previously been shown by other methods.” 

Comparison of Table 2 with Table 3 shows that for stock rats, the rate of DMN 
metabolism is higher in the post mitochondrial fraction than in microsomes. How- 
ever, when the data from Table I on recovery of endoplasmic reticulum (as cytoch- 
rome P-450), into these fractions. is applied to the results, there is essentially the same 

TABLI. 2. THE CFFtC‘T Ot H~NZO(X)PYREN~ PRLTRbA7MtNT OY DLMLTHYLATION OF IXMETHYLNITROSAMINE 

LIVER MICROSOMES FROM FED, FASTED ANI) PROTEII\’ DEPLETE11 RATS 

Treatment 

DMN metabolism Microsomal 
(Acmoles formaldehyde/g Liver wt protein 

!V liver;hr) (g/ 100 g body wt) (mg/g liver) 

Stock fed 8 I.1 + 0.1 5.0 * 0.2 25 f 2 
Stock fed + benTo(r)pyrene 4 I.0 f 0.2 5.0 * 0.4 33 & 8 
Stock fasted IJ 2.9 * 0.9 3.8 f 0.3 38 i 10 
Stock fasted + benlo(l)pyrene 7 3.1 + 0.5 4.4 + 0.2 44 f 7 
Lou protein fed 6 0.49 + 0.03 5.0 * 0.5 IX f I 
LOW protein fed + bcnro(r)p>rcnc 6 0.81 * 0.19 5.6 * 0.5 3) + , -- - _ 

Male rata wcqhing 100 I50 g were fed stoch pcllcts or the protein free diet. for at least I week. 
Bcn/ol~)p~rcnc was pi\cn as ;I single intraperitoneal lnlection 4X hr before the animals were killed. 
Fasted rats had food rcmovcd IX hr before death. Results are given as the mean & one standard deviation; 
N is the number of determinations each on a separate rat. 



Fed 
Fed 

Fed 
Fed 

FCd 
Fasted 
Fed 

Fed 
Fed 

activity per g of original liver (when corrected for loss of endoplasmic reticulum). in 
microsomal and post mitocholldri~~l fractions. 

Table 3 also shoctls that phent?b~rbitone causes an increase in the rate of DMN 
metabolism, that is much smaller than the increase in P-450 or microsomal protein 
caused by this treatment. In the protein depleted rats DMN metabolism wus 
reduced. and could be increased again by f;ating or phenobarbitone but not by ben- 
zo(x)pyrene. 

The rats fed a high protein purified diet (20”;, casein, S:,, olive oil). had lower levels 
of DMN demethylation activity than stock rats. and giving IO”,, herring oil. or 
phenobarbitonc. increased this activity. In this respect. DMN demethylation res- 
ponds to changes of diet in a very similar fashion to cytochrome P-450.‘” 

Table 4 shows that the rate at which DMN disappears from the plasma is approxi- 
mately in agreement with the rate that would be predicted from DMN del~l~tI~yl~~tion 
activity found it? Gtan. Fasting causes a dr~~In~tic reduction in the ~~rn~~Llnt of DMN 
left zftcr 6 hr. while low protein diet reduces the rate of nlet~~b~~~isln. Ho~+:c~er. thcrc 
arc two discrepancies. PI7ellot?nrbitonc has little cffcct OH DMN disappcar’arxc. Hun- 
zo(~)pyrene has considcrahly niorc. both at 6 and at 24 hr. This is in conIral;t to the 

Diet and treatment 

f’I:tsm~~ ICYCIS of DVN /ntwtc\ ml) 
“ll.-- -..... ___.---..._ ” 

Time itl‘lC~- ittjsction 

t Ill 6 t1r 74 111 
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effect on DMN demethylation it? vitro, where phenobarbitone is by far the more 
effective inducer of DMN rnet~bolisl~. 

DISCUSSION 

From experiments on the effects of phenobarbitone on the toxicity of a number 
of compounds there has grown up an idea that toxicity depends on the rate of acti- 
vation of pre-toxin to toxin, 

Neither fasting nor pheno~rbitolle alter the toxicity of dimethyl nitrosamine,‘” 
~~lth~~~~gh each of them stiinu~ates the rate of metabolism of DMN both in zir~ and 
ifr t:i~o. Benzo~~)pyrene which has less effect on the rate of DMN metabolism. in- 
creases the signs of acute hepatotoxicity by DMN.” One is forced to the conclusion 
that the rate of metabolism of DMN is not critical in the development of toxic effects. 

: OF ~T~Tl~ AND AMOUNT OF OAMAGE 

In the case of carbon tetrac~llorid~, the inhibition of metabolism produced by feed- 
ing low protein diets, allows unaltered CC& to disappear harmlessly through the 
h_~ngs.~~ So phenobarbitone increases CCI, toxicity not because it increases the rate 
of metabolism, but because it increases the amount of Ccl, trapped into the toxic 
pathway of the two alternative paths available. 

For DMN it seems likely that no such major alternative route of excretion exists.‘” 
That means that practically all the DMN injected will be metabolized. either slowly 
or rapidly. 

Heath”’ found that two doses of DMN separated by a few hours, caused almost 
the same damage as a single dose. So it seems likely that the damage caused by alky- 
lation is cumulative over at least a few hours. Another important influence is that 
of repair and it is possible that repair processes can catch up if alkylation is slow 
enough. This may be important for DMN lethality since the damage to central veins 
in the liver lobule could be compensated for by opening of collateral venous chan- 
lte1S.37 

* .A. E. M. McLean. unpublished observation. 
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The animal fed a protein free diet is protected in spite of the fact that all the DMN 
is eventually metaboiised. There are two main possibilities, either DMN is metabo- 
lised into some harmless derivative.‘6 or alternatively DMN is still transformed into 
an alkylating agent. but this now attacks some inessential ceil component. 5uch as 
glycogen, and does no damage. 

Figure 1 illustrates these concepts. In cases (a) and (b) the amount of damage is 
independent of the rate at which pre-toxin is activated, because there is no alternative 
route for pre-toxin to go into, and there is zero rate of repair, 

In case (c) and (d) where there is an alternative route for the pre-toxin to escape 
by, the rate of activation becomes the critical factor in determining the amount of 
damage. 

In case (e) where there is a significant rate of repair, the rate of activation is again 
critical, since there will be no damage unless activation can cause damage at a rate 
greater than the repair process. For paracetamol (acetaminophen), the activation by 
P-450 is followed by “repair” in the sense of trapping of the activated molecule by 
glutathione, and the rate of activation is critical7 

The claims by Arcos and his co-workers, that inducers “repress the dimethyl nitro- 
samine demethylase” are not borne out by the present experiments. 

It seems likely that the supposed repression is in fact due to greatly increased yield 
of microsomal protein in the presence of smaller increases of DMN demethylation 
activity. 
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