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Free Radicals in Vivo

Covalent Binding to Lipids
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SUMMARY

As one means of determining the extent to which free radical metabolites are involved
in the interaction of hepatotoxic drugs with target tissues, we have measured the covalent
binding to hepatic lipids of carbon tetrachloride, acetaminophen, 2-furamide, furosemide,
dimethylnitrosamine, and bromobenzene. Transesterification of the Folch lipid fraction
was required to distinguish radioactive label present but not covalently bound to alkyl
residues through radical addition or combination reactions. Although all hepatotoxins
were covalently bound to hepatic protein in the range of 1-2 nmoles/mg, thereby
confirming tissue alkylation by reactive metabolites under the present experimental
conditions, only carbon tetrachloride gave significant covalent binding to the alkyl
residues of hepatic lipids (4.34 nmoles/mg). Thus, although these data further support
the already well-documented role of a free radical in the reaction of carbon tetrachloride
with target tissue molecules, none of the other hepatotoxins gave similar indications.
Dimethylnitrosamine did give significant covalent binding to lipids, but the removal of
the binding by transesterification indicates that the binding apparently resulted from
electrophilic attack on nucleophilic centers present in phospholipids rather than from

radical attack on electroneutral alkyl residues of the lipids.

INTRODUCTION

The interaction of reactive metabolites with cellular
molecules is thought to be responsible for many, if not
most, acute tissue lesions caused by xenobiotics (1). The
nature of this interaction probably is determined largely
by the chemical nature of the reactive metabolite (2).
Presently, two major classes of reactive metabolites are
perceived to be electrophilic intermediates or organic
radicals that either alkylate nucleophilic sites or initiate
lipid peroxidation directly by hydrogen atom abstraction
or perhaps indirectly by generation of reactive oxygen
species.

There is an ever-growing interest in free radicals as
possible toxic intermediates produced during the metab-
olism of a wide variety of substances including carbon
tetrachloride (3) and, more recently, acetaminophen (4).
The evidence for the involvement of a free radical me-
tabolite in the interaction of carbon tetrachloride with
target tissues is comprehensive. In contrast, despite the
electron paramagnetic resonance evidence for the micro-
somal formation in vitro of an acetaminophen-derived
free radical (4), there is no evidence that such a radical
reacts measurably with cellular constituents in vivo, and
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demonstration of such an interaction should be an essen-
tial part of any hypothesis regarding the nature of a
reactive metabolite or mechanisms of toxicity.

There are three general types of chemical mechanism
by which a free radical intermediate might alter cellular
molecules. One is by electron transfer to molecular oxy-
gen, generating superoxide and other reactive oxygen
species. Oxidant stress produced in vivo by reactive ox-
ygen species can be determined by measurement of
GSSG in bile (5), blood, or tissue (6). We have demon-
strated that hepatotoxic doses of acetaminophen do not
produce oxidant stress in vivo (5, 6); if a reaction of this
nature does occur, it is quantitatively too minor in vivo
to demonstrate.

Free radicals may also alter cell macromolecules by
hydrogen atom abstraction reactions, perhaps with the
initiation of a radical chain autoxidation of polyunsatu-
rated fatty acids. The products of this reaction can be
characterized via the production of increased conjugated
diene chromophores or by formation of lipid hydroxy
acids. We have previously shown that hepatotoxic doses
of acetaminophen do not produce measurable increases
in either conjugated dienes (7) or in lipid hydroxy acids
(8) in vivo.

The third general mechanism by which radical metab-
olites might alter tissue macromolecules is to become
covalently bound, either by radical addition to carbon-
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carbon double bonds or by radical combination. We
report here our investigations on the characterization of
reactive metabolites of a selected series of hepatotoxins
on the basis of the extent to which they become cova-
lently bound in vivo to the alkyl residues of target tissue
lipids.

MATERIALS AND METHODS

Adult male ICR mice and Sprague-Dawley rats were purchased from
TIMCO (Houston, Tex.) and allowed food (Wayne lab blocks) and tap
water ad libitum until being fasted 18 hr prior to receiving injections.
The rats, employed only for the bromobenzene experiments, addition-
ally had been treated with phenobarbital (80 mg/kg, i.p.) for each of
the 4 consecutive days prior to the experiment. All drugs were admin-
istered between 8:00 and 9:00 a.m. and, following the indicated time
interval, the animals were killed by decapitation and bled. The livers
were removed, rinsed, and homogenized in 0.9% NaCl solution. A
portion of this homogenate was added to 4 volumes of cold methanol
for determination of covalent binding to protein by methods described
previously (9). The balance of the homogenate was extracted with 20
volumes of 2:1 chloroform:methanol. Dilute saline (0.9%, 0.2 volume)
was added for phase separation, and the lower (chloroform) phase was
removed and evaporated under a stream of nitrogen to provide the
crude lipid which we refer to as the Folch lipid (10). The transesterifi-
cation of the Folch lipid was carried out by the addition of 2 ml of
benzene, 5 ml of methanol, and 1 drop of concentrated sulfuric acid
and warming to 60° for 3 hr. The mixtures were cooled, and the
transesterified lipid was isolated by partitioning the reaction mixture
between isooctane and water. The isooctane phase was separated,
washed twice with additional portions of water, and transferred to a
clean tube; solvent was evaporated under a stream of dry nitrogen.

The amount of Folch or transesterified lipid present was determined
by gravimetric quantitation; radioactivity present was determined by
liquid scintillation counting of a portion of the Folch lipid in benzene
or the transesterified lipid in isooctane. Quench corrections were de-
termined by internal standard addition.

Radiolabeled bromobenzene was purchased from ICN (Cleveland,
Ohio); the other radiochemicals were obtained from New England
Nuclear Corporation (Boston, Mass.). Labeled (**C) bromobenzene,
carbon tetrachloride, and dimethylnitrosamine were not purified fur-
ther, but were greater than 98% radiochemically pure as determined
by gas chromatographic analyses by the vendors. Acetaminophen, 2-
furamide, and furosemide were labeled by tritium exchange and purified
by thin-layer chromatography on silica gel by methods described pre-
viously (11-13). Acetaminophen was developed with ethyl acetate or
ethyl acetate:methanol:acetic acid:water (12:6:0.2:1.8); 2-furamide was
developed with chloroform:methanol (9:1) or benzene:ethyl ace-
tate:formic acid (50:40:3); furosemide was developed with ethyl ace-
tate:hexane:acetic acid (80:20:1) or with chloroform:methanol:acetic
acid (89:6:5). Radiochemical purity was greater than 99% in all cases,
as determined by co-chromatography of radiolabel with the appropriate
authentic substance. Radioprofiles were determined with a Packard
7201 scanner and by scraping 0.5-cm bands of the developed plate into
liquid scintillation vials, adding 0.5 ml of MeOH and 5 ml of ACS, and
counting. Labeled compounds were diluted to specific activities of
around 500 dpm/nmole and dissolved in the appropriate solvent for
administration to animals. Carbon tetrachloride was dissolved in min-
eral oil, bromobenzene in corn oil, and the other substances in 0.9%
NaCl solution. All other chemicals and solvents were reagent or high-
pressure liquid chromatography grade and were purchased from Sigma
Chemical Company (St. Louis, Mo.), Burdick & Jackson (Muskegon,
Mich.), or Fisher Scientific Company (Pittsburgh, Pa.).

RESULTS

Measurable radioactivity was present in the Folch lipid
extracted from the livers of the animals given the labeled
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TABLE 1
Radioactivity in hepatic lipids of animals treated with
selected hepatotoxins

Mice (M) or rats (R) were treated with the indicated drug as
described, and after the appropriate time interval, the animals were
killed and hepatic lipids were isolated by Folch extraction as described
under Materials and Methods. Radioactivity present was determined
by liquid scintillation counting, and lipid was quantitated gravimetri-
cally. Data are expressed as means + standard error of the mean (four
animals per drug).

Drug Dose Time Radioactivity in
Folch lipid
mg/kg hr nmol/mg
CCL (M) 1500 1 3.49 £ 0.55
Dimethylnitrosamine (M) 40 3 2.36 £ 0.09
Furosemide (M) 400 3 0.44 + 0.08
2-Furamide (M) 275 3 10.58 + 3.35
Acetaminophen (M) 400 3 0.11 + 0.05
Bromobenzene (R) 225 4 0.24 £ 0.03

hepatotoxins listed in Table 1. However, the data pre-
sented in Table 2 show that each of these parent com-
pounds is readily extracted into chloroform with the lipid
portion of a Folch procedure. Of the drugs examined,
carbon tetrachloride, dimethylnitrosamine, and bromo-
benzene can be removed by repeated evaporation under
a stream of nitrogen, although it should be noted that
addition of excess unlabeled compound and several evap-
oration steps are necessary to remove even these sub-
stances effectively. For example, hepatic lipids were ex-
tracted by the Folch procedure from an untreated animal.
To the chloroform solution of the hepatic lipids thus
obtained were added 8.29 X 10° dpm of ['“C]carbon
tetrachloride and 0.2 ml of unlabeled carbon tetrachlo-
ride. Three successive evaporations of solvent (3 ml of
chloroform added between evaporations) yielded 28.8 mg
of residue (lipid). This was taken up in 2 ml of benzene,
and 0.5 ml was counted to show 800 dpm present in the
sample (0.1% of the added *C). Chloroform (2 ml) and
0.5 ml of carbon tetrachloride were added, solvents were
evaporated, and the residue was redissolved in benzene.
Two hundred disintegrations per minute were present in
the sample, indicating that two-thirds of the 600 dpm
carried forward from the previous determination had
been evaporated. This behavior was anticipated, and
indeed the method described by Castro et al. (14) employs
addition of unlabeled drug and a second evaporation. As
expected, evaporation was completely ineffective in re-
moving 2-furamide, furosemide, and acetaminophen
from Folch lipid.

The transesterification of the Folch lipids, followed by
partitioning between isooctane and water, removed vir-
tually all of the radioactivity present in the hepatic lipids
of all of the animals except those given carbon tetrachlo-
ride, as shown in Table 3. The values quoted in Table 3
for binding to transesterified lipid for the other drugs
were calculated from radioactivity counted at close to
background and therefore represent essentially no radio-
activity present, within the limitations of the methods
and specific activities employed. Control experiments
showed that labeled 2-furamide, furosemide, and acet-
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aminophen were removed from transesterified lipid by
isooctane-water partitioning.

The radioactivity present in the transesterified lipid
of carbon tetrachloride-treated animals (Table 3) was
higher per milligram of lipid than the corresponding
value in the Folch lipids of these animals (Table 1). The
total amount of radioactivity present was unchanged,
however, and this apparent increase in specific activity
of the lipid fractions correlates with a loss of around 30%
of the mass of the Folch lipid in the transesterification
procedure. Transesterified lipid fractions were recovered
in greater than 90% efficiency from a repetition of the
procedure, and the observed change in mass associated
with the original transesterification of Folch lipid is
probably the result of the loss of polar moieties such as
phosphate, ethanolamine, glycerol, and similar species
released from the alkyl residues during the reaction and
extracted into water from isooctane.

Each of the chemicals employed gave covalent binding
of metabolites to hepatic protein in the range of 1-2
nmole/mg of protein (Table 3). These data document the
production of reactive metabolites of these substances in
sufficient quantities to exceed cellular protective mech-
anisms operating in vivo and that the reaction of these
metabolites with tissue macromolecules is readily meas-
urable.

DISCUSSION

Previous studies of covalent binding of reactive metab-
olites to lipids have been restricted to the haloalkanes
(14, 15). One major reason for this restriction has been
the need for a method to remove radiolabel associated

TABLE 2

Partition and evaporation of radiolabeled hepatotoxins during
isolation of Folch lipid

For extraction, hepatic tissue from untreated animals was homoge-
nized in 4 volumes of 0.9% NaCl solution, and the homogenate was
added to 20 volumes of 2:1 chloroform:methanol. Tracer quantities
(10°-10° dpm) of the appropriate substance were added and the mixture
was vortexed. Dilute saline (0.2 volume) was added and mixed and the
phases were allowed to separate. A portion of the (lower) chloroform
phase was counted, and the data presented are percentages of added
radioactivity present in this phase (mean + standard error of four
determinations).

For evaporation, hepatic tissue from untreated animals was homog-
enized and extracted as described above. The chloroform phase was
transferred to a clean tube, and 10°-10° dpm of radiolabeled drug were
added. Unlabeled drug was added, and the solvent was evaporated
under a stream of nitrogen and redissolved in chloroform. This process
was repeated four times. The final lipid product was redissolved in
benzene and a portion was counted to determine the percentage of
added radiolabel remaining (mean + standard error of four determi-
nations).

Drug % Remaining with Folch lipid
Extraction Evaporation
CClL, 96.3 + 4.8 <0.1
Dimethylnitrosamine 58.7+ 5.4 <0.1
Furosemide 34.7+0.7 98.9 + 3.7
2-Furamide 61.7 £ 5.7 894 +4.2
Acetaminophen 386+19 994 + 23
Bromobenzene 94.1 £6.2 <0.1

with unbound drug; in general, the haloalkanes and their
metabolites are volatile enough to be removed by evap-
oration, whereas most other hepatotoxins are not. The
major objective of the work described in this report,
however, was to determine whether or not nonvolatile
hepatotoxins such as acetaminophen interact with tissue
molecules via free radical metabolites, as evidenced by
the extent to which they become covalently bound to the
nonpolar alkyl portions of tissue lipids in vivo. No evi-
dence exists for the measurable interaction of putative
radical metabolites of acetaminophen, furosemide, 2-
furamide, bromobenzene, or dimethylnitrosamine with
tissue macromolecules in vivo by electron transfer to
molecular oxygen or hydrogen atom abstraction reac-
tions as discussed above (1, 2, 5-8). Similarly, the present
data provide no evidence for interaction of putative
radical metabolites of the above compounds with tissue
macromolecules in vivo by radical addition or combina-
tion reactions. The radioactivity present in the hepatic
lipids isolated by Folch extraction from animals given
hepatotoxic doses of the substances listed in Table 1
cannot be considered as evidence of radical reactions. As
is shown in Table 2, 2-furamide, furosemide, and acet-
aminophen both partition into the chloroform phase of
a Folch extraction and are insufficiently volatile to per-
mit distinction of a covalently bound metabolite from
the presence of the parent compound.

Although the radioactivity present in the hepatic Folch
lipids of the animals given carbon tetrachloride, dime-
thylnitrosamine, or bromobenzene is not the result of
the presence of the parent compounds, this radioactivity
might represent any or all of three possible phenomena:
the covalent binding of a free radical metabolite to the
alkyl portion of lipid molecules; the covalent binding of
an electrophilic metabolite to nucleophilic sites in the
lipid, such as phosphodiester or ethanolamine functional
groups in phospholipids (16); or unbound metabolites of
the parent compounds that might partition with the

TABLE 3
Covalent binding in vivo of selected hepatoxins to protein and
transesterified lipid
Mice (M) or rats (R) were treated as described in Table 1. The Folch
lipids thus obtained were transesterified and partitioned between isooc-
tane and water, and the isooctane phase washed with dilute saline as
described under Materials and Methods. Evaporation of the isooctane
gave the transesterified lipid fraction, which was quantitated gravi-
metrically. Radioactivity was determined by liquid scintillation count-
ing. Data are expressed as means + standard error (four animals per
drug). Covalent binding to hepatic protein was determined in these
same animals as described under Materials and Methods (four animals

per drug).

Drug Dose Time Covalent binding
Transesterified Protein
lipid

mg/kg hr  nmoles/mg nmoles/mg
CCL (M) 1500 1 434+064 130x0.19
Dimethylnitrosamine (M) 40 3 0.06 £0.02 2.02+0.19
Furosemide (M) 400 3 0.00 £0.01 095+ 0.42
2-Furamide (M) 275 3 0.02+0.10 1.47+0.70
Acetaminophen (M) 400 3 0.01 £0.01 1.19 +0.22
Bromobenzene (R) 225 4 0.04 £0.01 1.31+0.62
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chloroform phase but, unlike the parent compounds, are
not removed effectively by evaporation.

The transesterification procedure of the crude lipid
extract chemically separates the polar phosphate, etha-
nolamine, and glycerol moieties from the nonpolar spe-
cies such as the alkyl chains of fatty acids. Thus, sub-
stances that form electrophilic reactive intermediates
that alkylate nucleophilic sites on phospholipids would
show persistent binding to the Folch lipid but would be
removed from the organic mixture by isooctane-water
partitioning. Dimethylnitrosamine is known to alkylate
nucleic acids in vivo to form phosphotriesters and other
products (16). Although the formation of other nonvol-
atile metabolites is a possibility, the alkylation of phos-
phodiesters or other nucleophiles in tissue lipids provides
a reasonable explanation for the data observed.

Bromobenzene could represent a similar example, but
the ability of its reactive metabolites to alkylate phos-
phodiesters in vivo has not been established. The for-
mation of bromophenols or bromocatechols might rep-
resent a more reasonable explanation of the observed
data, but we did not investigate this question specifically.
The key piece of information here is that bromobenzene
did not produce significant quantities of metabolite
bound to alkyl residues in the transesterified lipid (Table
3).

Similarly, essentially no radioactivity was present in
the transesterified hepatic lipids of animals given 2-
furamide, furosemide, or acetaminophen (Table 3).
These data, combined with our previous reports of the
absence of oxidant stress (5, 6), conjugated dienes (7), or
lipid hydroxy acids (8) following hepatotoxic doses of
acetaminophen in vivo would seem to preclude a quan-
titatively significant role for an acetaminophen free rad-
ical in the chemical interaction of acetaminophen-reac-
tive metabolites with hepatic tissue molecules. The spin-
trapped free radical observed by Rosen et al. (4) demon-
strates that such a species can exist, but provides no
information on the extent to which acetaminophen is
metabolized through such a species, the nature or extent
of the interaction of this radical with tissue molecules,
or the applicability of the studies conducted in vitro to
actual behavior in vivo. Rosen et al. (4) claim to have
demonstrated an oxidant stress as evidenced by de-
creased ratios of GSH/GSSG following administration
of acetaminophen; however, these data appear to have
been obtained from samples of hepatic tissue subjected
to isolation of a cytosolic fraction and storage for up to
4 days prior to analysis. The possibility of artifactual
autoxidation of GSH (5, 6, 17) is of concern and makes
interpretation of such data difficult. Since acetamino-
phen is a phenol, moreover, and phenols such as vitamin
E are excellent antioxidants (18), the radical observed
by Rosen et al. (4) may well be the result of antioxidant
properties of acetaminophen (19, 20).

Carbon tetrachloride was the only hepatotoxin for
which the radioactivity remained with the nonpolar frac-
tion of transesterified lipid. This is consistent with the
expected chemistry of the trichloromethyl radical, as has
been demonstrated by the recent report of the mass
spectral identification of an adduct of - CCl; with choles-
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terol (21) or unsaturated fatty acids (22). Furthermore,
the fact that essentially all of the radioactivity in the
Folch lipids of the carbon tetrachloride-treated animals
was recovered in the transesterified lipid fraction pro-
vides evidence that, for carbon tetrachloride, the inter-
action with nucleophilic sites in lipid by phosgene or
other possible metabolites that react as electrophiles
rather than as free radicals is quantitatively much less
important than the radical addition or combination re-
actions of the trichloromethyl radical with tissue lipids.
Previous studies (3, 14, 15, 21, 22) do not provide quan-
titative evidence in vivo for the relative importance of
the two modes of interaction by the two types of metab-
olites (radical versus electrophile).

Within the limitations discussed above, the data pre-
sented here provide no evidence for the interaction of
free radical metabolites with lipids for any of the hepa-
totoxins except carbon tetrachloride. The values quoted
for covalent binding to transesterified lipid for the other
substances correspond to measurements of radioactivity
at close to background levels. Similar amounts of non-
extractable radioactivity are seen in protein from non-
target tissues, e.g., skeletal muscle (9) of animals treated
with hepatotoxins. Therefore, no further efforts were
made to investigate the nature of these small amounts
of radioactivity.
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