
The Sequential Analysis of Liver Cell Necrosis

Inhibition of Diethylnitrosamine- and Dimethylnitrosamine-
Induced Acute Liver Cell Death by Posttreatment With
Diethyldithiocarbamate

Thomas S. Ying, BSc, D. S. R. Sarma, PhD,
and Emmanuel Farber, MD, PhD

Posttreatment with diethyldithiocarbamate (DEDTC) largely prevented the development
of acute hepatocellular necrosis induced by diethylnitrosamine (DEN) and dimethylni-
trosamine (DMN) in male Fischer rats as monitored by the release of glutamate-pyruvate
transaminase and sorbitol dehydrogenase into the serum and by histologic examination.
Liver cell necrosis was evident with a dose of 25 mg of DEN/kg and was progressive with
increasing doses of DEN. DEDTC (50 mg/kg; three times at 4-hour intervals) was given
at 4 or 8 hours after the administration of DEN (100 mg/kg), time points at which at least
50% and 75%, respectively, of the administered DEN had disappeared from both the
serum and liver. Under these conditions, DEDTC prevented liver cell necrosis, except for
a few isolated single cells. Similar inhibition was also observed when 1DEDTC was given 4
hours after the administration of a necrogenic dose of DMN (20 mg/kg). DEDTC, when
administered 4 hours after DEN, delayed the rate of clearance of DEN and of ethylation
of DNA and RNA but did not significantly affect the total extent of ethylation of rat liver
nucleic acids. These results offer further support for the multistep hypothesis for the de-
velopment of liver cell necrosis. (Am j Pathol 1980, 99:159-174)

CELL DEATH is commonly observed as part of the toxic effects
of many chemicals, both those in the environment and those used thera-
peutically. The liver is especially vulnerable in this respect, probably due
in part to its versatility in metabolizing exogenous chemicals.
There is a growing suspicion that cell death in some organs, including

the liver, may be a multistep process with some steps specifically related
to the nature of the individual etiologic agent and others common to
many.`5 If this hypothesis is valid, it should be possible to influence the
necrogenic process by treatment with appropriate modulators after the
sequence has been initiated, ie, by "posttreatment."

During a study of the initiation of liver carcinogenesis by single doses of
selected nitrosamines, such as diethylnitrosamine (DEN) and dimethylni-
trosamine (DMN), and the possible importance of cell death in this proc-
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ess, it was observed that treatment of rats with diethyldithiocarbamate
(DEDTC) some hours after the administration of the carcinogen can effec-
tively inhibit the development of cell death and subsequent necrosis of he-
patocytes. Under such circumstances, a considerable amount of the ad-
ministered nitrosamine undergoes metabolism and interaction with
cellular constituents before the possible protective agent is given. Pre-
vious work had shown that DEDTC or its parent compound disulfiram
could prevent or delay liver cell necrosis if given before DMN,8 DEN,9
or CCI,.'°ll
The experimental observations relating to the histologic and biochemi-

cal effects of posttreatment with DEDTC after DMN or DEN and a be-
ginning analysis of possible biochemical mechanisms are the subject of
this article.

Materials and Methods

Animals

Male Fischer-344 rats (Microbiol Associates, Walkersville,Md) weighing 175-200 g
were maintained on a 24% protein semisynthetic diet 12 (Bio-Serv Inc., Frenchtown, NJ)
and a daily cycle of alternating 12-hour periods of light and darkness. The animals were
given food and water ad libitum and were acclimatized to their environment for 1 week
before the start of the experiment.

Chemicals

The purity of DEN (Eastman-Kodak Co., Rochester, NY) and DMN (Merck-Schachardt,
Munich, Germany) were routinely checked prior to use by ultraviolet spectrophotometry
and gas chromatography. The sodium salt of diethyldithiocarbamate (DEDTC) and all
other biochemicals were obtained from Sigma Chemical Co., St. Louis, Missouri.'4C-Di-
ethylnitrosamine (sp act 100 mCi/mmole) was purchased from NEN, Montreal, Quebec.

Light Microscopy
The animals were killed under mild ether anesthesia. Sections of liver were fixed in Car-

noy's fixative (ethanol/chloroform/acetic acid 6:3:1). After 3-4 hours the tissues were
transferred to 95% ethanol for 24 hours, then 70% ethanol, processed and stained with he-
matoxylin and eosin (H&E) or periodic acid-Schiff (PAS).

Determination of Serum Enzymes
Blood was withdrawn from the abdominal aorta. Serum glutamate-pyruvate trans-

aminase (GPT) and sorbitol dehydrogenase (SDH) were assayed in duplicate according to
methods described by Bergmeyer and Brent'3 and Gerlach and Hiby,"4 respectively.

Estimation of DEN in Blood and Liver
Blood was obtained from the abdominal aorta, and the excised liver was homogenized in

10%o cold 0.9% NaCl solution. The samples were then extracted twice with three volumes
of methylene chloride. Nitrosamine concentrations in the extracts were determined by gas
chromatography (GLC) (F&M Scientific Model 402 Gas Chromatograph) using a column
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packed with 10% FFAP supported on 80/10 Chromosorb W/AW (Supelco, Inc., Belle-
fonte, Pa). The GLC system was first standardized by the use of mixtures of known propor-
tions of purified DMN and DEN. The lowest level of detection of the nitrosamine was 5-
10 ng/ml of the sample.

Alkylation of Rat Liver DNA and RNA

A 10% homogenate of liver from rats after appropriate treatment following the adminis-
tration of '4C-DEN was prepared in 0.25 M sucrose containing 0.05 M tris, pH 7.4, 0.025
M KCI and 0.005 M MgCl2 * 6H20 (TKM) solution and was fractionated into nuclear and
microsomal components according to the methods previously described.'5 Nuclear DNA
was prepared by the method of Marmur.'6 Microsomal RNA was isolated by the modified
procedure of Kirby and Cook.'7

For measurement of radioactivity the purified DNA was hydrolyzed in 0.1 N HCl at 37
C for 18 hours or at 70 C for 1 hour, and RNA was hydrolyzed in I N HCI at 100 C for 1
hour. Radioactivity in hydrolysates was determined using an Intertechnique liquid scintil-
lation spectrometer.

Analysis of '4C-DEN-labeled liver DNA and RNA for 7 ethylguanine (7 EtG) was done
by use of a Bondapak C-18 column in a Waters Model 6000A-UAK high-pressure liquid
chromatographer eluting with 0.05 M ammonium formate buffer at pH 5.0. The radio-
activity eluted with a standard 7 EtG was quantitated. Synthetic 7-EtG was prepared 18
and characterized with ultraviolet spectroscopy and paper chromatography."'

Results

Dose-Response Studies

The initial experiments were designed to determine the doses of DEN
and DMN that were necrogenic to rat liver. Various doses ranging from
15 to 150 mg/kg of DEN and 5 to 30 mg/kg of DMN were administered
intraperitoneally, and the rats were killed 3 days later. The extent of ne-
crosis was assayed both by histologic examination and by measurement of
serum SDH and GPT levels.
As shown in Table 1, the degree of induction of liver necrosis and of ele-

vation of serum SDH and GPT are dose-dependent with both DEN and
DMN. With the lowest dose of DEN (15 mg/kg) and two lowest of DMN
(10 and 5 mg/kg), no liver cell damage was detectable by light micros-
copy and no elevation of either enzyme activity was seen in serum. With
DEN, spotty necrosis in Zone 3 was seen with a dose of 25 mg/kg without
a significant rise in enzyme levels. With DMN, necrosis and elevated en-
zyme activities were seen at a dose of 15 mg/kg. With larger doses of each
nitrosamine, necrosis (Figures 1 and 3) and levels of serum enzymes in-
creased in parallel.
The necrosis, when present, was always maximal in Zone 3 (Figures 1

and 3) and expanded into Zone 2 with increasing damage. As is well
known,20 DMN is more toxic and necrogenic than DEN on a weight and
molar basis. With each agent, but especially with DMN, congestion with
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Table 1 -Induction of Acute Liver Cell Necrosis in Rats by Various Doses of Diethyl and
Dimethyl Nitrosamines

Extent of hepatic necrosis

Dose of Serum enzyme level
nitrosamines (lU/1)
administered Histologic
(mg/kg)* evaluationt SDH GPT

0.9% NaCI 0 4.6 ± 0.6 (15)4 24.6 ± 1.9 (15)4

DEN
15 0 4.3 ± 0.4 (10) 30.1 ± 1.7 (10)
25 1/2 + 4.8 ± 0.6 (6) 22.9 ± 3.3 (6)
50 1 + 24.9 ± 3.0 (6) 40.0 ± 3.8 (6)
75 2+ 47.0 ± 4.6 (10) 116.2 ± 10.1 (10)

100 3+ 66.1 ± 7.0(10) 270.0 ± 26.0(10)
150 4+ 165.3 ± 18.7 (6) 924.0 ± 138.0 (6)

DMN
5 0 5.3±0.8(6) ND

10 0 6.4±0.9(6) ND
15 1+ 18.2±2.8(6) ND
20 3+ 31.8 ± 4.6 (10) 275.2 ± 29.1 (6)
30 4+ 98.4 ± 14.3 (10) ND

* Animals were killed 3 days after the administration of the nitrosamines or 0.9% NaCI.
t Extent of necrosis was scored by histologic examination, taking 4+ to represent necrosis

of Zones 2 and 3.
f Values are mean ± SE, and numbers in parentheses represent the number of rats used.
ND = not determined.

some hemorrhage was commonly seen in areas of most intense necrosis
(Zone 3).

Inhibition of Nitrosamine-induced Liver Necrosis by DEDTC

Having determined the necrogenic doses of DEN and DMN, the next
experiment was conducted to examine whether DEDTC would influence
the development of necrosis when given after the administration of each
nitrosamine. Since multiple injections of DEDTC were necessary for opti-
mal prevention of DMN-induced liver cell necrosis using pretreatment,6
DEDTC was given three times at 4-hour intervals commencing at 4, 8, or
24 hours after the time of administration of nitrosamines. The rats were
killed at 3 days.
The results presented in Table 2 show an almost complete protection

against DEN or DMN-induced liver cell necrosis when the first dose of
DEDTC was given 4 hours after the administration of either nitrosamine.
Histologic examination showed no zonal necrosis, slight congestion, deple-
tion of glycogen, and at most a few isolated dead cells in Zone 3 (Figures 2
and 4). Under these conditions, the levels of serum SDH and GPT were
somewhat elevated above the control values (Table 2). Considerable pro-



LIVER CELL NECROSISVol. 99, No. 1
April 1980

"-') CD
_ __ o co csO66M6'0
+ +1 +1 +1 +1 +1 +1
cos0

C 0 C CO C')

+1+1 +1 +1+1 +1 +1

+ C++( + +_ (6

C'J

zx xzx x x
0000)000

_+1-
"-"C (D (D0(0

CI CV CIO CDTc- co- c\ 04 v

+1 +1 +1+1

0) COC"J

T-'(0(014 '-(0

+1 -H +1 +1 +1
CY 0 o c 0

CD _)_ O

_' _c

CIOCy Cy)CO e

z zxx- 0x0
0)0 00)0

LO LO() U)
0 0 ,

z Z
w

Z

0 0

CY) "i

163

-
co

U)
CM

+1

0

4--

to
+1
0o.

z
a
4)
E_,
>, -

N

4
)

E
en

Cu._4
0

C
0.

4)
_

4L)
x_0

c
0
co

.2

_ 4
IF >

0
c

co

._

I)

wCu
C,)

0C,o
z

a

._c)

I

*0
C)

w

C,

CU
z

co

0

co

V

C
C
0

CI

-Cu

2
Eu
.0

cu8C,
.2Q
V

4)

C
4)
2¢
D -
4)c

._Q)
C

2

Cu4
4)

cu
C,)

O0

co

0
(0

E

co

co

0 cn-

c:o >

CC

4) C CO

4 E-

CCU
a) Cm

cn -
co 4)

cm az

a) Co M

CX- >Q--

0

I- 4- a

CuO

0 )>@I 0

oc' tlC

- 4)L

O u

(Y
o3S+

CY)
x
0
LO

OF 4)Cu

" E

CD

02

E-

C

4)

E

._

z Z Z
1-

L LU

0)
6



164 YING ET AL American Journal
of Pathology

Table 3-Influence of DEDTC on the Incorporation of Radioactivity and the Formation of 7-
Ethylguanine in Rat Liver DNA and RNA by 14C-DEN

DNA RNA

Total 7-ethyl- Total 7-ethyl-
radio- guanine radio- guanine

Time of activity formed activity formed
Treatment* death (pmole/mg nucleic acid) (pmole/mg nucleic acid)

C-DEN 4 hr 140.0 10.8 457.0 13.3
64.2 8.5 325.2 19.0
72.2 11.2 294.2 15.5

8 hr 138.6 15.9 559.6 20.6
149.2 23.0 815.0 29.7

24 hr 261.0 29.4 2516.6 37.1
339.5 47.5 4248.4 55.9

28 hr 326.7 28.2 1440.8 34.8
307.8 30.7 3206.2 32.4

14C-DEN + DEDTC 28hr 181.4 19.6 873.1 29.3
48 hr 267.0 25.0 1594.8 ND

252.5 29.3 2095.4 31.9
222.4 17.4 1403.4 24.3

* The rats were given 14C-DEN (50 [Ci/1 00 mg/kg) and were killed at 4, 8, 24, or 28 hours
later. In a second group, DEDTC (50 mg/kg, 3 times at 4-hour intervals) was administered 4
hours after the administration of 14C-DEN, and the rats were killed 24 hours and 44 hours after
the first injection of DEDTC. Other details are described in Materials and Methods. Each num-
ber is the value for one rat liver.
ND = not determined.

tection against liver cell necrosis was found also when DEDTC was given
as long as 8 hours after the time of DEN injection. However, when
DEDTC was administered at 24 hours (Tables 2 and 3), the protection
against DEN-induced liver cell damage was minimal.

Although the above results indicate that posttreatment with DEDTC
can effectively prevent liver necrosis induced by DEN when monitored at
3 days, they did not show whether the effect is merely one of delaying the
process or truly preventing it. With this in mind, a time course study was
carried out. DEDTC was administered at 4 hours after the injection of
DEN (100 mg/kg), and the rats were killed from 1 to 7 days later. The se-
quential histologic analysis of the liver showed that with DEN treatment
alone in the first 24 hours, minimal changes were observed, with loss of
basophilia and glycogen depletion in the hepatocytes, especially in Zone
3. Maximal necrosis was seen on Day 3 with infiltration of inflammatory
cells (Figure 1). Mitoses were seen in Zone 1, and complete replacement
of Zone 3 necrotic cells occurred by about Day 7. As shown in Text-figure
1, the release of serum GPT and SDH in DEN-treated rats was greatest on
Day 2 and returned to control values by Day 6. However, when DEDTC
was given, a significant reduction in the release of both enzymes was seen
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throughout the whole period. A similar inhibition in the development of
necrosis was confirmed by histologic examination. The minor eosinophilia
and glycogen depletion observed in hepatocytes on Day 3 did not progress
into zonal cell death, and the liver was completely recovered by Day 5. A
few animals given DEN plus DEDTC at 4 hours were followed for 14 days
and showed no evidence of a more prolonged delay in the onset of necro-
sis after 7 days.

Effect of DEDTC on Clearance of DEN

Since pretreatment with DEDTC is known to inhibit the plasma clear-
ance DMN, secondary to an inhibition of hepatic metabolism,6 it became
important to observe any effects of DEDTC on the clearance of DEN.
DEN in general is somewhat more slowly metabolized than is DMN and
could possibly be influenced more by posttreatment.
The results presented in Text-figure 2 show the disappearance curves of

DEN from the blood and the liver in control rats and in rats given
DEDTC 4 hours after 100 mg/kg DEN. By 4 and 8 hours after a single
injection of DEN, about 50% and 75%, respectively, of the administered
dose have disappeared from both blood and liver, when compared with
the values at 5 minutes. The levels in blood and liver were undetectable at
24 hours. The clearance from both blood and liver was delayed by the ad-
ministration of DEDTC at 4 hours. The 75% value was seen at 24 hours
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TEXT-FIGURE 1-Time course study on the effect of DEDTC on the release of enzymes GPT and SDH
in serum induced by DEN (100 mg/kg). DEDTC (50 mg/kg, 3 times at 4-hour intervals) was begun 4
hours after DEN administration. Enzyme activities are expressed as volume activity (IU/1).
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instead of 8 hours. No measurable levels of DEN in blood or liver were
present by 48 hours.

Effect of DEDTC on Ethylation of Liver DNA and RNA

Since alkylation of cellular macromolecules is considered to be of major
importance in the genesis of cell injury and of cancer by DMN and
DEN,20-24 it became of interest to determine the influence of post-
treatment with DEDTC on the levels of labeling and of ethylation of
some key cellular constitutents such as DNA and RNA. As shown in Table
3, the total labeling of DNA and RNA from the labeled ethyl groups of
DEN and the amount of one of the major specific reaction products, 7
EtG, increase progressively with time up to 24 hours. The values then
plateau for at least 4 hours. The administration of DEDTC delayed the to-
tal labeling and the formation of 7-EtG in both DNA and RNA. However,
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A
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TEXT-FIGURE 2-Influence of DEDTC on the disappearance of DEN from the circulating blood (A)
and the liver (B). Groups of 3 rats were used. DEDTC (50 mg/kg, 3 times at 4-hour intervals) was
administered 4 hours after DEN (100 mg/kg) treatment. The solid lines represent the levels of DEN in
the serum and the liver of the controls, and the dotted lines represent the values in the rats post-
treated with DEDTC. The values are the percentage of the 5-minute level. The 5-minute values in
serum and in liver were 137.5 ± 10.8 jig/ml and 27.7 ± 4.7 ,ug/g, respectively.
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the levels reached at 48 hours, by which time no DEN could be detected
in either the liver or the blood (Text-figure 2), were within 20-25% of
those at 24 hours in the controls. Thus, it appears that the interaction of
the DEN with the liver DNA and RNA by 48 hours has reached a level
not far removed from that seen in the DEN-treated controls, but it has
taken longer to do so.

Discussion

It is evident from the results of this study that the administration of
DEDTC several hours after the injection of DMN or DEN can protect to
a major degree against the induction of acute hepatocellular necrosis. The
protection is not merely due to delay but appears to be a valid prevention
of cell damage.
DEDTC, a known free radical scavenger, inhibits the metabolism of

several potentially toxic chemicals, including DMN6"' and CC4.10'26 The
protection against the toxic effects of these chemicals by pretreatment
with DEDTC could be due to an inhibition or delay of their metabolic
conversion to reactive toxic derivatives. Thus, pretreatment could lead to
a protective effect at a very early step in the metabolic sequence leading
to cell injury.
This explanation cannot be invoked in the case of DMN and post-

treatment with DEDTC. At a dose of 20 mg/kg, DMN is completely me-
tabolized within 4-5 hours to one or more methylating species and to for-
maldehyde, and the molecular targets for methylation, such as DNA,
RNA, and protein, have reached plateau values for alkylation of esterifica-
tion of their components.20'22'2729 It is generally considered likely that
methylation of cellular components and/or formaldehyde are involved
somehow in the subsequent steps leading to irreversible cell damage.20'2
Thus, whatever DEDTC is doing in protecting against liver cell death, its
effect must be exerted on some step or steps in the molecular pathogenesis
of hepatic necrosis that follows the initial metabolic activation of DMN.
The specific nature of such a postulated step or steps is unknown. Con-
ceivably, it could be an altered molecule or macromolecule that is partici-
pating in a subsequent reaction'that can be modulated by a scavenger
such as DEDTC.
Any explanation of the findings with DEN of necessity must be more

controversial. DEDTC is most effective in preventing DEN-induced liver
cell damage when given at a time at which some DEN is still being me-
tabolized and only minimally effective when given at 24 hours, when all
the DEN has been cleared from the blood and liver and the ethylation of
DNA and RNA has reached a plateau. One could argue, therefore, that
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DEDTC is effective with DEN by inhibiting the metabolism of the re-
maining 50% or 25% at 4 or 8 hours, respectively. However, the inhibition
is not persistent. The remaining DEN becomes metabolized later, as in-
dicated by its subsequent clearance from the blood and liver and the in-
creasing ethylation of liver DNA and RNA up to 48 hours. If some imme-
diate metabolic product or an ethylated form of a cellular macromolecule
were the immediate target for cell death, only a small fraction at most
could be involved, since the final degree of ethylation quantitatively is not
very different from that in the DEN controls in which obvious liver cell
necrosis occurs.

Alternatively, the rate of alteration of a cellular product by ethylation
or by acetaldehyde could be more important than the extent of alteration
in the genesis of liver injury. Since repair of DNA "damage" does occur, it
is possible that the slower rate of ethylation or other change could allow
for a more extensive repair and thus be associated with less tissue damage.
If this possibility is valid, and if DNA is a possible target macromolecule
involved in cell death, the relevant repair must involve only a small pro-
portion of the DNA, since the levels of ethylation in the DEDTC-treated
animals at 48 hours are not very different from those in the plateau range
in the controls.
Another possibility is on effect of DEDTC via a chelating action on

Ca". There is increasing evidence that excess cellular Ca++ appears to be
one common mediator of cell death 1,2,5,3037 and that several protective
agents, such as some antihistamines, ethylene diamine tetraacetate and
phenergan, may exert their effect on cell death through an action on
Ca++. 1,2,5,33,35,36
The results of the present study add further evidence toward the con-

clusion that the blood clearance of some chemicals, including nitro-
samines, might be dependent upon their metabolism. Even though these
are water-soluble small-molecular-weight compounds, DMN and DEN
seem not to be excreted in a major way until metabolized in some manner.
Also, these nitrosamines, when their clearance is inhibited or delayed, re-
main available for the continuation of their metabolism such that the lev-
els of interaction with some cellular macromolecules are not very differ-
ent from those under the more usual circumstances of uninterrupted
metabolism. The mechanism underlying this interesting phenomenon re-
mains to be clarified.
The findings in this study also add additional evidence in support of the

hypothesis that the development of cell death in the liver with toxic
chemicals may be a multistep process in which one or more steps beyond
the initial activation to reactive derivatives can be modulated by the ad-
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ministration of appropriate drugs or chemicals."2'4'5'37 This thesis has an
obvious practical implication in suggesting that it may be possible to miti-
gate the toxic effects of environmental chemicals in their continuing pres-
ence by effects on steps beyond the initial metabolic activation when
these become better understood.
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Figure 1-Photomicrograph of a section of liver from a rat treated with 100 mg/kg DEN and
examined 3 days later. Necrosis and infiltration of inflammatory cells are seen in Zone 3. (H&E,
x1 00)

Figure 2-Photomicrograph of a liver section from a rat given DEDTC (3 x 50 mg/kg at 4-hour
intervals) beginning 4 hours after the administration of 100 mg/kg DEN and examined 3 days
later. Zone 3 cells show a moderate eosinophilic reaction and depletion of glycogen. Necrosis
is minimal, except for a few isolated single cell deaths. (H&E, x 100)

Figure 3-Photomicrograph showing necrosis of the liver of a rat 3 days after intraperitoneal
administration of 20 mg/kg DMN. (H&E, x100)

Figure 4-Photomicrograph showing protection against DMN-induced hepatic necrosis by
DEDTC. DEDTC (50 mg/kg) was given 3 times at 4-hour intervals commencing 4 hours after
administration of 20 mg/kg DMN, and the liver was examined 3 days later. (H&E, x 100)
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