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SUMMARY: The evolution of carbon monoxide during 1lipid peroxidation has
been demonstrated in microsomal membranes. The formation of carbon mon-
oxide was dependent on the peroxidation process, but independent of the
initiators (NADPH-ADP-Fet3 or Ascorbate-Fe'3) used. Contrary to published
results, the carbon monoxide does not result from heme catabolism. Carbon
monoxide was generated during the peroxidation of isolated phospholipids,
indicating that carbon monoxide may form directly during the peroxidative
degradation of unsaturated fatty acids.

Hepatic microsomes undergo enzymatic peroxidation of membrane lipids
in the presence of NADPH, oxygen, iron in either the ferric or ferrous
form, and certain chelators, i.e., ADP (1,2). Nishibayashi, et al. (3)
have noted the generation of carbon monoxide (CO) during this peroxidative
process. Repeating spectral scans of the NADPH-iron peroxidizing micro~
somal membranes revealed the formation of an absorbing complex at 450 mm
(P450—CO). Schacter, et al. (4,5) suggested that the CO generated could
result from catabolism of heme, as in the case of heme oxygenase (6). How~-
ever, they concluded the CO generated was independent of the heme oxygenase
activity, but was related to destruction of heme during the peroxidation
process. Levin, et al. (7) used only NADPH, without added irom, and fol-
lowed peroxidation over a longer period of time, 30 minutes. Both labora-
tories concluded that the amount of CO formed corresponded directly to the
amount of heme destroyed during the peroxidation process.

In this paper, we provide evidence that CO is generated from peroxi-
dizing lipids independent of heme destruction. Tt seems likely that heme

loss occurs when cytochrome P450 participates as a peroxidase in the meta-

bolism of the 1lipid hydroperoxides.

METHODS: Rat liver microsomes were prepared daily by minor modifications
of the procedure of Ernster, et al. (8). The microsomal pellet was col-
lected from a 28,000 g supernatant fractlon by centrifugation at 105,000 g
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for 60 minutes. To remove residual hemoglobin contaminate, the microsomes
were resuspended in Tris (25 mM) - KC1 (150 mM) buffer, pH 7.4 and recen-
trifuged at 105,000 g for 60 minutes. The surface of the pellet was
thoroughly rinsed and the microsomes were resuspended in Tris (25 mM) -
RC1 (150 mM) buffer, pH 7.4. Protein was determined by the method of
Lowry, et al. (9). Incubations were carried out at 22-25°C unless other-
wise stated. Oxygen was measured polarographically with a Clark-type
electrode.

Lipid peroxidation products were determined by the 2-thiobarbituric
acid assay described previously (10). The optical densities were recorded
at 532 mm and the concentration of malonaldehyde was determined using a
millimolar extinction coefficient of 156.

All spectra were recorded using an Aminco DW-2 spectrophotometer in
the split beam mode. Cytochrome bs was assayed spectrophotometrically by
measuring the dithionite-reduced minus oxidized difference spectrum, using
the extinction between 424 and 409 nm as 185 mM~lem™! (11). Cytochrome
P45 was measured by difference spectrophotometry by the method of Omura
and Sato (11) using an extinction coefficient between 450 and 490 nm of
91 mM~lem1.

Total microsomal heme was determined by the method of Falk, et al, (12)
which measures the pyridine hemochromogen. The difference spectra between
557 and 575 mm was taken and an extinetion of 32.4 mM lem~! was used (13).

Carbon monoxide was measured during enzymatic peroxidation by repeated
spectral scans of the NADPH-ADP:Fet3 microsomal suspension recorded against
an NADPH-reduced microsomal referemce. The reduced nucleotide maintained
the sample cytochrome P,50 in a reduced state and as CO was generated a
P450~CO complex was formed.

To quantitate the amount of CO formed during the reaction, hemoglobin
was added to bind the CO as carboxyhemoglobin. EDTA (200 uM) was added to
both the sample and the reference to stop the peroxidation reaction, and
to assure a distinct absorbance maximum for the hemoglobin-CO measurement.
Hemoglobin (4 uM) was gently mixed into the sample and reference. One
minute was allowed to assure maximum CO binding and the difference spectra
was recorded. Using the optical density at 421 nm minus the isobestic
point at 480 nm, an extinction coefficient of 58.7 oM lem™! was determined
and used to quantitate the amount of carboxyhemoglobin formed and hence the
amount of CO generated.

Hepatic phospholipids were isolated by the method of Folch, et al. (l4)
using chloroform~methanol (2:1, v:v). The chloroform layer was collected
and taken to dryness under nitrogen. The phospholipids were then sonicated
into a micellar suspension (0.5 mg/ml) in Tris (25 mwM) ~ KC1 (150 mM) buffer,
pH 7.4, containing ascorbic acid (0.1 mM). Lipid peroxidation was initiated
by the addition of FeClj (6 uM) and the samples were ir:ubated at 37°C.

Non-enzymatic peroxidation of the microsomal membrane was initiated by the
same concentrations of ascorbate and iron.
RESULTS: Animal variance accounts for large standard deviations in report-

ing the mean values of various cytochrome and heme assays. However, the

data presented here are based on triplicate assays for each data point.
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Figure 1. The generation of CO during microsomal enzymatic peroxidation.
A final volume of 1.0 ml Tris (25 mM) ~ KC1 (150 mM), pH 7.4, buffer con-
tained: microsomes, 1.0 mg; NADPH, 250 uM; ADP, 0.5 mM; and FeCl3, 20 uM.
The reaction was initiated by the addition of the ADP-Fet3 complex. -

The same microsomal preparation, made from two or more rats, was used to
compile each Table or Figure presented.

In Figure 1, the generation of CO 1s indicated in relation to other
parameters of the peroxidation process, including oxygen consumption and
malonaldehyde (MA) formation. The microsomal suspension was reduced with
NADPH and the peroxidation reaction was initiated by the addition of ADP*Fe+3.
Repeating spectral scans revealed the formation of an absorbing complex at
450 nm (Figure 1, PASO—CO curve). As described by others (3,4,5,7), this
complex is the result of CO being generated and binding to the NADPH reduced
cytochrome P450' These earlier reports made calculations of the total con-
centration of CO present from the CO binding constant known for cytochrome
Pasor

The time lag in the formation of the P450-CO spectra (Figure 1) may
result from oxygen competition, which allows the spectra to develop only

as the system becomes anaerobic. At three minutes, the P 450—C0 absorbance
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TABLE I. Heme Loss and CO Formation During Lipid Peroxidation of the Microsomal Membrane?

Experiment Reaction Cytochrome b5 Cytochrome P,5q Total HemeP  Heme Loss Total CO Formed

Number Time (nmoles/mg) (nmoles /mg) (nmoles/mg) (nmoles) (nmoles)
(min.)
1. 0 0.61 0.79 1.61 ——— ————
3 0.61 0.79 1.42 0.19 2.15
2. 0 0.54 0.76 1.80 ———— ———
3 0.54 0.76 1.30 0.50 3.29
3. 0 0.77 1.19 2.22 — ——
3 0.77 1.01 2.09 0.13 2.07
4. o] 0.56 0.61 1.53 _— ——
3 0.56 0.61 1.19 0.34 1.87

3Reaction conditions are the same as described in Figure 1.

bTotal heme exceeded the predicted sum of cytochrome bg and cytochrome P450 in every case. Hemoglot
contamination may influence the total (0 to 0.06 mmoles hemoglobin/mg was detected in various micre
somal preparations).

indicates approximately 0.5 nmoles of CO bound to cytochrome P However,

450°
when we carefully reduced the system further by addition of dithionite,
all of the P450 (ca. 1 mmole) present had CO bound to it. The limit then

in measuring the total CO present was the total amount of P available!

450
By utilizing hemoglobin to detect the presence of CO, we have been able to
quantitate the total CO present in our reaction system at any time interval

(see Methods). To our surprise, instead of finding 0.5 to 1.0 mnmoles of

total CO from the P450 spectra, we have found a total of 2.1 nmoles in this
system (Figure 1) and as much as 3.0 nmoles in other microsomal preparations.
In all experiments, the amount of CO exceeded the total amount of heme pre-
sent and made the source of the CO open to question.

Interestingly, under the same reaction conditions, only a portion of
the total heme was lost. Thus, we did not obtain a molar ratio of one to
one for heme loss and CO formation (Table I) as previously reported (4,5).
Cytochrome b5 remains unaffected by the peroxidation process and cytochrome
P450 loss was variable, but never in excess of 30%. This imbalance of heme

loss and CO formation suggested an alternative source for CO generation
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TABLE II: Dependence of CO Generation on Lipid Peroxidation?

Experiment b Total 0s Consumed Total CO Formed Total Heme Loss
Number Reaction System Inhibitor in 3 minutes in 3 minutes in 3 minutes
_(nmoles) (nmoles/mg) (mmoles/mg)
1. NADPH + ADP- Fet3 - 240 2.15 0.22
2. NADPH - 12 0.00 0.00
3. NADPH + ADP-Fet3  EDTA@15 sec 30 0.18 0.06
4. NADPH + ADP-Fet3  EDTA@30 sec 125 1.09 0.21

3Reaction conditions are the same as described in Figure 1.

bs final concentration of EDTA (200 uM) was added at the designated time following initiation of
peroxidation.

TABLE III: Generation of CO Independent of the Agent Used to Initiate Peroxidation

Reaction
Peroxidizable Experiment Initiator Time Temperature Peroxidation CO Formation®
Substrate Number (min) “°c) (nmoles MA/ce) (nmoles/cc)
Microsomes? 1. NADPH 3 37 0.72 0.00
30 37 5.11 0.29
2, NADPH+ADP + Fet3 1 25 10.40 1.65
3 25 21.20 2.30
3. Ascorbate-Fet3 1 37 1.60 0.00
3 37 6.90 1.00
PhospholipidsP 1. Ascorbate-Fet3 60 37 4.60 0.59
2, Ascorbate-Fet3 60 37 3.40 0.48

aM{crosomes (1.0 mg/cc) were incubated for the indicated time in Tris (25 mM) - KC1 (150 mM), pH 7.4
buffer containing the appropriate initiators: NADPH (250 yM), ADP (0.5 mM) - FeCl3 (20 uM), Ascorbate
(0.1 mM) - FeCly (6 uM).

bPhospholipids (0.5 mg/cc) were incubated as a micellar suspension under similar conditions.

CAt zero time, no CO was measurable.

must be present. Since, even i1f we assumed all four methene bridges were
oxidized to CO, the total does not equal the amount of CO formed.
As indicated in Table II, formation of CO was directly dependent upon

the extent of lipid peroxidation. When EDTA was added to stop enzymatic
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peroxidation at various time intervals, total oxygen consumption is de-
creased and the formation of CO was restricted proportionately. 1In addi-
tion, CO was formed even when peroxidation was initiated non-enzymatically
by ascorbate and iron (Table III). In the absence of NADPH, the ascorbate
system indirectly confirmed the non-participation of microsomal heme oxy-
genase.

Most important, however, was the demonstration that CO was generated
during peroxidation of isolated hepatic phospholipids (Table III)., Even
though the CO formation was slower, the generation of CO independent of
heme indicates CO can be formed during the peroxidative degradation of
membrane lipids. The difference in rate may only reflect differeuces in
the 1ipid structure in the micelle compared to their structure in the mem-

brane.

DISCUSSION: The formation of carbon monoxide during enzymatic peroxidation
of the microsomal membrane has been credited to the catabolism of heme pro-
teins, specifically cytochrome P450 (4,5,7). The proposed mechanism being
analogous to that described for heme oxygenase (6). The oxidation of the
a-methene bridge causes the opening of the ring structure and release of CO.
However, even though this enzyme is present in the microsomal membrane, it
does not appear to be an active participant in generating CO during membrane
peroxidation.

Formation of CO is directly dependent on the extent of membrane peroxi-
dation. When peroxidation is inhibited, CO accumulation decreases propor-
tionately. 1In addition, independent of the initiator used, NADPH-ADP *Fe'3
or Ascorbate-Fe+3, CO is formed during peroxidation.

Other laboratories (4,5,7) have reported a one to one molar ratio for
the total CO formed compared to the amount of heme destroyed. We have al-
ways found more CO formed than heme destroyed. This variance suggested that
an alternative source of CO must be present, such as the peroxidizing lipids.

Indeed, when isolated phospholipids were peroxidized, CO was produced.
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The loss of total heme was generally reflected as a specific decrease
in cytochrome P450. The variability in the decrease of heme reported by us
and by others (4,5,7) may result from differences in sampling times. During
peroxidation, lipid hydroperoxides accumulate in the reaction system and may
cause: a) a decreased binding capacity of P450 for CO as noted by Hrycay
and O'Brien (15) or b) actual destruction of the heme during metabolism of
the hydroperoxides (17,18) by cytochrome P450. The peroxidase activity of
cytochrome P450 has been discussed previously (15,16).

Thus, we suggest that CO formation is independent of heme loss, and
that the membrane lipids undergoing peroxidative degradation act as a
source of CO. The specific phospholipids and fatty acids involved in CO

production are currently being evaluated.

ACKNOWLEDGMENT: The authors wish to thank Ms. Gemma Seo for her excellent
technical agsistance. This work was supported by a grant (GM-22181) from
the DHEW-National Institute of General Medical Sciences. D.G.W. was sup~
ported as a predoctoral fellow from a Clinical Cancer Training Grant.

REFERENCES

1. Hochstein, P. and L. Ernster (1963) Biochem, Biophys. Res. Commun, 12:
388~394.

2. Hochstein, P., K. Nordenbrand and L. Ernster (1964) Biochem. Biophys.
Res. Commun. 14:323-328,

3. Nishibayashi, H., T. Omma, R. Sato and R,W. Estabrook in Structure and
Fupction of Cytochromes, edited by K. Okunuki, M.D. Kamen and I. Sekuzu,
University Park Press, 1968, page 658~665.

4. Schacter, B.A., U,A, Meyer and H,S. Marver (1972) Biochem. Biophys.
Acta 279:221-227.

5. Schaégg;, B.A., H.S. Marver and U.A. Meyer (1973) Drug Metab. Dispos.
1:286-292.

6. Sjostrand, T. (1949) Scand. J. Clin. Lab. Invest. 1:201-221I.

7. Levin, W., A.Y.H. Lu, M. Jacobson, R. Kuntzman, J.L. Poyer and P.B.
McCay (1973) Arch. Biochem. Biophys. 88:842-852.

8. Ernster, L., P, Siekevitz and G.E. Palade (1962) J. Cell. Biol. 15:
541-562.

9. Lowry, 0.H., N.J. Rosebrough, A.L. Farr and R.J. Randall (1951) J.
Biol. Chem. 193:265-275.

10. Bidlack, W.R., R.T. Okita and P. Hochstein (1973) Biochem. Biophys.
Res. Commun. 53:459-465.

856



Vol. 73, No. 4, 1976 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

il.
12.

13.
14,
15.
16.
17.
18.

Omura, T. and R. Sato (1964) J. Biol. Chem. 239:2370-2378.

Falk, J.E. in Porphyrins and Metalloporphyrins: Their General Physical
and Co-Ordinating Chemistry and Laboratory Methods, page 182, American
Elsevier, N.Y., 1964.

Maines, M.D. and A. Kappas (1975) J. Biol. Chem. 250:4171-4177.

Folch, J., M. Lees and G.H.S. Stanley (1957) J. Biol. Chem. 226:497-509.
Hrycay, E.G. and P.J. O'Brien (1973) Arch. Biochem. Biophys. 157:7-22.
Bidlack, W.R. and P. Hochstein (1974) Life Sciences 14:2003-2010,
Tappel, A.L. (1955) J. Biol. Chem. 217:721-733.

Kokatnur, M.G., J.G. Bergan and H.H. Draper (1966) Proc. Soc. Exp.
Biol. Med. 123:314-317.

857



