
BiochemicalPha~acology,Vol.22,pp. 1557-1564.PergamonPr~,1973.Printcd~ Great Britain. 

INFLUENCE OF FASTING AND HEMIN ON 
MICROSOMAL CYTOCHROMES AND ENZYMES* 

KARL W. BOCK, WOLFGANG FR~HLING and HERBERT REMMER 

Institut fiir Toxikologie der Universitlt Tiibingen, West Germany 

(Received 31 October 1972; accepted 2 Januury 1973) 

Abstract-During fasting for 24 hr the amount of microsomal cytochrome P-450 and 
cytochrome bs are reduced by 30 and 50 per cent, respectively, whereas microsomal 
glucose-6-phosphatase and NAD glycohydrolase remain unchanged when compared 
on a whole liver basis. Intraperitoneally injected hemin reduces microsomal cyto- 
chromes in fed and fasted rats. It suppresses the induction of cytochrome P-450, 
NADPH-cytochrome c reductase and UDP glucuronyltransferase by phenobarbital. 
In contrast, microsomal glucose-6-phosphatase and NAD glycohydrolase are not 
affected by phenobarbital or hemin. The effects of hemin are only transient, probably 
due to the induction of liver microsomal heme oxygenase (Tenhunen ef ~1.‘~). Judged 
from the rate of loss of radioactivity in purified cytochrome b5 prelabeled in the heme 
moiety with JH-S-amino-levulinic acid, the decrease of cytochromes after hemin 
treatment is due to a decreased synthesis as well as increased breakdown. 

INTRAPERITONEALLY injected hemin reduces the level of mitochondrial Z-amino- 
levulinic acid synthetase and suppresses the induction? of cytochrome P-450 by 
phenobarbital.‘*2 Heme synthesis seems to be regulated primarily at the level of 
&aminolevulinic acid synthetase. 3 This enzyme is induced during the induction of 
cytochrome P-450 by phenobarbital in fasting rats’ but not in fed animals.4 In 
addition, during the induction process cytochrome P-450 is increased to a higher level 
in fasting than in fed rats. 4*5 Based on these findings the influence of hemin on 
microsomal cytochromes was followed separately in fed and fasting animals. The aim 
of our studies was to clarify the influence of hemin on the regulation of microsomal 
cytochromes and to gain some insight into a possible correlation between the induction 
of cytochrome P-450, NADPH-cytochrome c reductase (EC 1.6.2.3) and UDP 
glucuronlytransferase (EC 2.4.1.17). These proteins are firmly bound to liver endo- 
plasmic reticulum membranes. Glucose-6-phosphatase (EC 3.1.3.9) and NAD glyco- 
hydrolase (EC 3.2.2.6) were followed as enzymes not functionally related to mixed 
function oxidase but bound to the same membranes. 

METHODS AND MATERIALS 

Treatment of animals. Male Sprague-Dawley rats (150-200 g) were fed ad lib. on a 
standard diet containing 20% protein (Altromin-R, Lage-Lippe, Germany). During 

* Presented in parts at the Fifth International Congress on Pharmacology, San Francisco, 1972 and 
at the Eighth FEBS Meeting, Amsterdam, 1972. 

t Induction is used in the operational definition discussed by Greengard6 as any increase in the 
amount of a given enzyme regardless of the mechanism causing the increase. 
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starvation the animals were kept in wire cages. Phenobarbital was given by a single 
intraperitoneal injection of 100 mg/kg. Hemin (16 mg/kg) was injected as a 2.5 mM 
methemealbumin solution 2 hr before, together with and every 12 hr after the injection 
of phenobarbital. The methemealbumin solution was prepared as described by 
Tenhunen et al.’ Identical results were obtained when hemin was injected without 
albumin. 

Preparation of microsoma~ fractions and purl~cation of rni~ro~o~i cytochrome b,. 
Livers were perfused through the portal vein with 0.9% NaCl (w/v) and excised under 
ether anesthesia, minced with scissors and homogenized in 4 vol. of 0.25 M sucrose 
with a motor driven homogenizer with Teflon pestle. The homogenate was centrifuged 
at 10,000 g for 15 min to sediment the nuclei and mitochondria, the ensuing super- 
natant was spun at 100,000 g for 45 min and the sediment washed with O-1 5 M KC1 + 
25 mM Tris-HCl, pH 7.4 by resuspension and resedimentation. The final pellet was 
suspended in 0.25 M sucrose. Cytochrome bS was purified from rat liver microsomes 
as described by Omura et aLg 

Enzyme assays and chemical determinations. Spectra were recorded with an Aminco- 
Chance duel wavelength/split beam or with the Leitz-Unicam SP 800 recording 
spectrophotometer. Cytochrome P-450 and cytochrome b5 in liver microsomes were 
determined with the method of Omura and Sato.Q In the presence of con~mi~ting 
hemoglobin, e.g. in liver homogenates, cytochrome P-450 was assayed as described 
by Greim5 and Schoene et al. lo Identical results were obtained with both methods in 
liver microsomes. Purified cytochrome b5 was determined by its absolute spectrum. l 1 
Total heme was extracted from microsomes with Zbutanone-HCl as described by 
Bock and Siekevitz12 and determined by a pyridine hemochromogen method.9 

NAD glycohydrolase was assayed as described previously.13 Glucose-6-phosphatase 
was determined according to Swanson14 while NADPH-cytochrome c reductase was 
measured as described by Dallner et alI5 at 22”. UDP glucuronyltransferase was 
tested in Triton X-100 activated microsomes as discussed by Mulder16 by a modifica- 
tion of the procedure of Hollmann and Touster. l7 The incubation mixture consisted 
of lmM p-nitrophenol, 2 mM UDP glucuronic acid, 50 mM Tris-HCI, pH 7*4,0*2% 
(w/v) Triton X-100, 5 mM MgC12 and 1 mg microsomal protein in a total volume of 
1 ml. The reaction was linear up to 6 min. Protein was determined with the method of 
Lowry et al.18 using bovine serum albumin as a standard, Phospholipid was extracted 
from microsomes by the procedure of Folch et al.lg using 0.73% (w/v) NaCl as the 
aqueous phase, Inorganic phosphate was assayed by the method of Ames and Dubin,” 
and micromoles of phosphorus were multiplied by 775 to obtain micrograms of 
phospholipid. Radioactivity was determined by liquid scintillation counting in Bray’s 
solution' f and quenching was monitored by the addition of an internal standard. 

Materials. S-Aminolevulinic acid-3,5-3H was obtained from New England Nuclear 
,Corp., Boston, Mass., and crystalline bovine hemin (Type 1) from Sigma Chemical 
Corp., St. Louis, Missouri. 

RESULTS 

;mfluence of fasting on the amount of liver microsomal cytochromes. Liver wet weight, 
total protein as well as the amount of endoplasmic reticulum membranes varied 
considerably during fasting or treatment with drugs. Therefore changes in microsomal 
proteins should be compared on a whole liver basis as well as on the basis of specific 
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activity. From the content of cytochrome P-450 per gram of liver wet weight and its 
amount per milligram of microsomal protein the amount of microsomal protein per 
gram of liver wet weight was calculated. With this operational value the amounts of 
microsomal cytochromes and enzymes were calculated on a whole liver basis. A 
slightly higher value of microsomal protein was obtained with glucose-6-phosphatase 
which is also found solely in endoplasmic reticulum membranes.22*23 

TABLE 1. INFLUENCE OF FASTING ON CYTOCHROME P-450, GLUCOSE-6-PHOSPHATASE AND NAD GLYCO- 

HYDROLASE COMPARED ON A WHOLE LNER BASIS 

Period of fasting (days) 

0 1 2 3 

Body weight (g) 
Liver wet weight (g) 
Cytochrome P-450 

(nmoles/g liver) 
(nmoles/mg microsomal protein) 

Glucose-6-phosphatase 
&moles/min/g/ liver) 
@moles/min/mg microsomal protein) 

NAD glycohydrolase 
O*moles/min/mg microsomal protein) 

Microsomal protein (mg/g liver) 
calculated from cytochrome P-450* 
calculated from glucose-6-phosphatase* 

Cytochrome P-450/whale liver? 
Glucose-6-phosphatase/whole liver? 
NAD glycohydrolase/whole liver? 

170 f 12 15.5 140 129 
8.1 f 1 5.5 4.6 4.7 

29 f 4 29 38 39 
0.93 f 0.05 0.96 1.10 1.26 

11.5 & 2 20 21 
0.28 f 0.03 0.46 0.49 0.45 

0.026 f 0003 0040 0040 0,035 

31 i-4 30 35 31 
41 f 6 43 43 

235 f 39 159 177 184 
70* 11 76 79 66 

6.5 f 0.5 6.6 6.4 5.1 

* Content or activity/gram of liver 
Content or activity/milligram of microsomal protein’ 

t Content or activity/milligram microsomal protein x microsomal protein (calculated from 
cytochrome P-450)/gram of liver x liver wet weight. 

Treatment of rats, preparation of microsomes and assays were performed as described in Methods 
and Materials. The values are averages of four experiments. Two rats were used for each time point. 
Control values f SD. were taken from four to ten determinations. 

As shown in Table 1 the content of cytochrome P-450 per gram of liver or per milli- 
gram of microsomal protein, seems to be unchanged or slightly elevated during fasting. 
However, on a whole liver basis the cytochrome is reduced. On the other hand, 
glucose-6-phosphatase and NAD glycohydrolase per milligram of microsomal protein 
seem to be elevated during fasting, whereas the levels are virtually unchanged on a 
whole liver basis. 

Influence of hemin andphenobarbital on the amount of liver microsomal cytochromes, 
NADPH-cytochrome c reductase and UDP glucuronyltransferase. The influence of 
hemin on the synthesis of microsomal cytochromes was studied on a whole liver basis, 
separately in fed (Fig. la) and in fasting (Fig. lb) rats. The induction of cytochrome 
P-450 by phenobarbital is different under these nutritional states. The levels of 
cytochrome P-450 and cytochrome b5 as well as the induction of cytochrome P-450, 
by phenobarbital are reduced by hemin treatment. Note that the inhibition of cyto- 
chrome P-450 induction is reduced with time despite continuous treatment with hemin, 
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FIG. 1. Influence of hemin and phenobarbital on microsomal cytochromes in fed (a) and fasting (b) 
rats. l - - -0 Controls; X-X treatment with 100 mg/kg phenobarbital at the time indicated by 
the arrow; O-O hemin treatment (16 mg/kg) 2 hr before, together with and every 12 hr after 
phenobarbital; 0-O hemin treatment without phenobarbital. 100 per cent values for cytochrome 
P-450 and NAD glycohydrolase are given in Table 1. For microsomal cytochrome b3 141 f 24 nmoles 
per whole liver (calculated as described in Table 1) were taken as 100 per cent. The averages of three 

experiments are listed. 

NAD glycohydrolase which is also bound to endoplasmic reticulum membranes is not 
affected by treatment of rats with hemin, phenobarbital or fasting of the animals. 
Only during phenobarbital treatment of fed rats was a slight decrease of the enzyme 
seen. The stability of NAD glycohydrolase during fasting correlates with its slow 
apparent turnover under steady state conditions. I3 Likewise glucose-6-phosphatase 
was not affected by hemin (Table 2). Furthermore, the ratio of phospholipids to 
proteins in microsomal membranes (04-Q-5) is constant during the experiments given 
in Fig. 1. Only 24 hr after phenobarbital treatment this ratio was increased to O-6 
indicating that the amount of phospholipids exceeds the synthesis of proteins initially 
during the proliferation of endoplasmic reticulum membranes by phenobarbital. 

GLUCOSE-6-PHOSPHATASE 

Control Hemin treatment 

Liver wet weight (g) 
Cytochrome P-450 

(nmoles/mg microsomal protein) 
(nmoles/whole liver)* 

Glucose-6-phosphatase 
(pmoles/min/mg microsomal protein 
(rmoles/min/whole liver)* 

7.8 6.0 

0.96 0.57 
240 120 

0.28 0.32 
70 67 

The data are taken from experiments described in Fig. 1. Hemin (16 mg/kg) 
was injected intraperitoneally into rats 26, 24 and 12 hr before sacrifice. 
Averages of three experiments are listed. 
* Calculated as described in Table 1. 
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Microsomal cytochrome c reductase and UDP glucuronyltransferase which are 
functionally linked to cytochrome P-450 respond to treatment with phenobarbital 
and hemin in a way similar to cytochrome P-450 although to a lesser extent (Fig. 2). 

Influence of hemin on synthesis and breakdown of microsomal cytochrome bg. In order 
to elucidate whether the decrease of cytochrome P-450 and cytochrome b5 during 
hemin treatment is caused by a diminished synthesis rate or an accelerated breakdown 
the heme moiety was prelabeled with 3H-S-aminolevulinic acid. The decrease of the 
label was followed in purified cytochrome b5 and in total microsomal hemes. 

NADPH-cytochrome c 

reductase 

UDP-glucuranyl- 

transferass 

,O / x-x ------ & 0 2 

I- fb) 
200 

Time, days 

FIG. 2. Influence of hemin and phenobarbital on microsomal NADPH-cytochrome c reductase and 
UDP glucuronyltransferase. The enzymes were determined in microsomes from experiments given in 
Fig. 1. For NADPH-cytochrome c reductase 8.2 + 1.6 rmoles/min/whole liver and for UDP 
glucuronyltransferase 8.9 f 1.7 pmoles/min/whole liver were taken as 100 per cent. The averages of 

three experiments are listed. 

After injection of 3H-6-aminolevulinic acid into rats the specific radioactivity of 
heme in cytochrome b5 rose up to 24 hr. It then decreased exponentially with a half- 
life time of approx. 2 days. 5~12 Therefore, hemin treatment started 24 hr after the 
injection of 3H-6-aminolevulinic acid. If hemin treatment stopped completely the 
intracellular heme synthesis (and concomitantly the synthesis of cytochrome b5), no 
difference in the total amount of prelabeled cytochrome b, molecules in the liver of 
controls and hemin treated rats could be observed, because the incorporation of 
radioactive precursor ended when hemin began to act suppressively. However, the 
specific radioactivity of microsomal cytochrome b, in the liver of rats receiving hemin 
would be higher if hemin inhibited heme synthesis, since less unlabeled cytochrome 
molecules are incorporated into microsomes. If, on the other hand, only the degrada- 
tion of cytochrome b, increased during administration of hemin, the amount as well 
as the specific radioactivity of labeled cytochrome b5 would be lower than in controls. 

The experiments listed in Table 3 indicate that an increased breakdown as well as 
an inhibited synthesis of cytochrome b5 occurred. The lower amount of labeled 
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cytochrome b5 molecules in the whole liver signified an enhanced degradation. 
However, the decrease was not accompanied by a comparable decline in the specific 
radioactivity, indicating that hemin also inhibits heme synthesis. 

TABLE 3. INFLUENCE OF HEMIN ON THE LOSS OF RADIOACTIVITY IN MKROSOMAL m-m- 

CHROME b5 PRELABELED INITSHEMEMOIETY 

Control Hemin treatment 

Cytochrome b5 
(nmoles/mg microsomal protein) 0.52 f 0.04 0.29 f 0.03 
(nmoles/whole liver)* 141 f 24 65 f 6 
dis/min/nmole 404&36 451 f 70 
dis/min/whole liver* 57,000 f 6000 29,300 f 8700 
Microsomal heme 
dis/min/nmole 323 & 37 261 * 37 

Rat liver microsomal cytochrome b, was prelabeled in its heme moiety by injecting 
10 @Zi Baminolevulinic acid-3,5-3H (1OOO~Ci/mmole) intraperitoneally. 22,24and 36 hr 
later 16 mg/kg hemin was injected intraperitoneally and the animals were sacrificed 
48 hr after labeling. Preparation of microsomes, purification of cytochrome bS and 
extraction of total microsomal hemes were performed as described in Methods and 
Materials. The mean f S.D. of four experiments are listed. Determinations of cyto- 
chrome P-450 in homogenates and in microsomes were used for the calculation of 
cytochrome bs on a whole liver basis. 
* Calculated as described in Table 1. 

We therefore assume that the number of radioactive cytochrome b, molecules 22 hr 
after injection of S-aminolevulinic acid before hemin treatment should be equal in 
controls and hemin treated rats, and amounts to about 80,000 dis/min in the whole 
liver (extrapolated graphically if the half-life of 2 days determined for the heme of 
cytochrome b, is taken into account). The amount of cytochrome b, falls to 57,000 
dis/min in the liver of controls during the following 24 hr (Table 3). But only 29,000 
dis/min of cytochrome b5 was found in the liver of rats treated with hemin. We take 
this to mean that the breakdown of the prelabeled cytochrome b5 is doubled during 
hemin administration. 

Assuming an unaltered synthesis rate (together with an increased breakdown) the 
specific radioactivity of cytochrome b5 must be lower in hemin treated rats. In this 
case less labeled cytochrome bS molecules are present, but dilution with newly syn- 
thesized unlabeled molecules would be the same in both groups. Our data does not 
allow this assumption because the specific radioactivity is nearly the same in controls 
and hemin treated rats, presenting clear cut evidence that decreased synthesis also 
contributes to the decline of cytochrome b5. 

It can be reasonably concluded that the decrease of cytochrome P-450 after hemin 
treatment is also caused by reduced synthesis as well as increased breakdown. 

DISCUSSION 

An attempt was made to follow liver microsomal proteins on a whole liver basis 
during fasting or treatment with drugs. The amount of total microsomal protein per 
liver was calculated from the content of cytochrome P-450 per liver and its specific 
content in microsomes. The value of microsomal protein changed with the method 



Influence of fasting and hemin on microsomal cytochromes and enzymes 1563 

used for preparing the microsomes. Nevertheless a value of microsomal protein was 
useful for comparative studies providing the microsomes are prepared in the same 
manner. Since liver wet weight and total protein change markedly during fasting or 
treatment with drugs a comparison of microsomal cytochromes or enzymes per gram 
of liver wet weight or per milligram of microsomal protein can be misleading (Table 
1). Only when the cytochromes are compared on a whole liver basis does their marked 
decrease after 1 day of fasting become obvious. When the amount of microsomal 
protein was calculated from another exclusive microsomal constituent, glucose-6- 
phosphatase, its value was slightly higher. However, when the liver content of micro- 
somal cytochromes was compared on the basis of glucose-6-phosphatase a similar 
decrease of microsomal cytochromes could be seen. The measurement of distinct 
spectrum of cytochrome P-450 may be more accurate than the determination of 
glucose-6-phosphatase, since glucose-6-phosphate is split to a minor degree by 
unspecific phosphatases. Furthermore the estimation of enzyme amounts from activity 
measurements are subject to some error. An activation during fasting has been 
described for glucose-6-phosphatase26 and NAD glycohydrolase.27 When enzyme 
activity is expressed as per milligram of liver protein or per gram of liver wet weight 
a spurious increase in activity can be expected since during fasting total liver proteins 
decrease and a “concentration” of liver tissue occurs due to the breakdown of large 
glycogen areas. On the other hand, activity and stability of glucose-6-phosphatase and 
UDP glucuronyltransferase are drastically changed by altering membrane struc- 
ture.28*2g Since in Table 1 the increase in activity of glucose-6-phosphatase fairly 
corresponds to the decrease in liver weight the contribution of an “activation” to the 
enzyme activity may be low. 

The rapid decrease of microsomal cytochromes during fasting is not fully under- 
stood. It may be important to take it into account since in many studies on microsomal 
cytochromes rats are starved 1 day before preparing the microsomes. It correlates with 
reduced drug metabolism during fasting. 3o Phenobarbital induces the drug hydroxylat- 
ing enzyme system (cytochrome P-450, NADPH-cytochrome c reductase) as well as 
UDP glucuronyltransferase. The question arises if the synthesis of these proteins is 
correlated or if they are induced independently. A specific inhibitor of heme and 
consequently cytochrome synthesis would help to clarify this problem. 

Hemin decreases the level of cytochromes and suppresses the induction of cyto- 
chrome P-450 by phenobarbital by inhibiting heme synthesis at the level of S-amino- 
levulinic acid synthetase. ls2 The response of NADPH-cytochrome c reductase and 
UDP glucuronyltransferase to phenobarbital as well as phenobarbital plus hemin in 
fed and fasting rats indicates that the synthesis of these proteins is correlated with that 
of cytochrome P-450 (Figs. 1 and 2). However, our studies with prelabeled cytochrome 
b5 also point to an increase of the breakdown of cytochromes by hemin. There are 
several possibilities for this increased breakdown. (a) Part of this breakdown may be 
due to rats being treated with hemin, as after this treatment they do not eat as much 
as untreated controls and lose liver weight in a way similar to fasted animals. (b) A 
direct interaction of hemin with microsomal membranes is indicated by the presence 
of a heme oxygenase system which is induced after hemin treatment.24*25 The induc- 
tion of this system may be responsible for the transient nature of the inhibitory effect 
of hemin on the induction of cytochrome P-450 by phenobarbital. (c) Lipid peroxi- 
dation which is stimulated by chelated iron compounds is well known in liver 
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microsomes.31*32 However, the extent of lipid peroxidation ,in endoplasmic reticulum 
membranes in the intact cell is not known since factors present in the cytoplasma 
inhibit lipid peroxidation. 33 Gross lipid peroxidation damage after hemin treatment 
can be excluded since the phospholipid to protein ratio as well as glucose-dphos- 
phatase activity are not changed after hemin treatment (Table 2). It is known that 
glucose-6-phosphatase is particularly sensitive to lipid peroxidation. 

Hemin effectively inhibits the synthesis of heme and microsomal cytochromes. Since 
it also increases the breakdown of these cytochromes and since its inhibitory effect 
is only transient its value as an inhibitor of heme synthesis is limited. 
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