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Abstract-The metabolism and subsequent immunosuppressive effects of dimethylnitrosamine (DMN) 
were investigated in mixed cultures of mouse hepatocytes and mouse splenocytes. Hepatocytes were 
shown to activate DMN to an immunosuppressive form that caused the suppression of the in vitro 
antibody response to the T-dependent antigen, sheep erythrocytes (SRBC). A significant increase in 
the binding of DMN metabolites to trichloroacetic acid (TCA) precipitable material in splenocytes was 
induced when 94pM [%mefhy[lDMN was added to the co-culture medium, indicating that reactive 
intermediates of DMN were transferred from hepatocytes to splenocytes and resulted in alkylation of 
macromolecules in splenocytes. The amount of [‘%]DMN bound to TCA precipitable material in 
splenocytes increased in a time-dependent manner up to 4 hr of incubation. Aminoacetonitrile (AAN), 
a high-affinity DMN demethylase inhibitor, reversed the suppression by low concentrations of DMN 
(0.5 to 5 mM), but not by high concentrations of DMN (>5 mM). AAN also inhibited the binding of 
[%]DMN to both hepatocytes and splenocytes. These results suggest that reactive metabolites of DMN 
are released from hepatocytes and that the suppression of the antibody response by DMN is mediated 
via these reactive intermediates. 

Dimethylnitrosamine has been consistently shown to 
require metabolic activation in order to exert its 
biological effects including cytotoxicity, mutagen- 
icity and immunosuppression [14]. The key meta- 
bolic activation step is believed to be the oxidation 
of the alpha-hydrocarbon as catalyzed by the cyto- 
chrome P-450 monooxygenase system, generally 
known as dimethylnitrosamine (DMN) demethylase. 
Such oxidation leads to the unstable alpha-hydroxyl- 
methylnitrosamine which spontaneously breaks 
down into formaldehyde and a methylcarbonium ion 
or equivalent species [5-71. These reactive metab- 
olites can result in DNA alkylation and subsequently 
produce mutagenic effects in vivo and in vitro [8,9]. 

In light of the relationship between the muta- 
genicity of DMN and its potency as an alkylator of 
macromolecules, the immunosuppressive effects of 
DMN have been investigated. Wayneforth and 
Magee [lo] reported that a single dose of DMN in 
mice reduced the humoral immune response. Hard 
[ll] has also shown that a single dose of DMN 
suppressed the antibody response in rats. Inter- 
estingly, in an earlier study, Hard demonstrated that 
a single exposure to DMN did not depress T-lympho- 
cyte functions [12]. More recently, Holsapple et al. 
showed that the repeated exposure to DMN in mice 
produced significant effects on humoral immunity 
[4], cell-mediated immunity [13] and tumor sus- 
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ceptibility [ 141. Humoral immunity was especially 
sensitive to DMN. Recently we have begun studying 
the mechanism of DMN-induced suppression of a 
humoral immune response in vivo and in vitro, and 
have demonstrated that B lymphocytes represent 
a primary cell type responsible for the suppressed 
antibody response [15]. The hypothesis we have pre- 
sumed is that the immunosuppressive effects of DMN 
are mediated by the reactive intermediates respon- 
sible for its mutagenic and carcinogenic effects. We 
recently developed a co-culture system consisting of 
primary mouse hepatocytes as a metabolic activation 
system and mouse splenocytes as target cells [16]. 
Our initial results demonstrated that the immuno- 
suppression by DMN was hepatocyte dependent and 
was presumably mediated by reactive metabolites. 
We have also shown recently that, in animals exposed 
to [14C]DMN, there is an accumulation of tri- 
chloroacetic acid (TCA) precipitable material in 
macromolecules of lymphocytes [ 171. 

The objective of the present study was to char- 
acterize further the relationship between the metab- 
olism of DMN and subsequent suppression of the 
antibody response by using the co-culture system. 
Two specific approaches were used to address this 
objective. First, the distribution of [14C]DMN was 
determined in the co-culture system. Second, inhib- 
tors of DMN demethylase were tested for their abili- 
ties to alter the distribution of DMN metabolites 
and to ameliorate the DMN-induced immuno- 
suppression. Initially, two different inhibitors of 
DMN demethylase were tested: aminoacetonitrile 
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(AAN; [18]) and diethyldithiocarbamate (DEDTC; 
[ 191). These results are important since they indicate 
that the in vitro immunosuppression by DMN is 
mediated by reactive intermediates, thereby con- 
firming that the immunosuppressive metabolite has 
sufficient stability to be able to pass from hepatocytes 
to splenocytes. 

MATERIALS AND METHODS 

Animals. Female (C57B1/6 x C3H)F, (B6C3F1) 
mice were purchased from Litton (Frederick, MD). 
The mice arrived at 5-6 weeks of age and were 
quarantined for 1 week prior to use. Animals were 
randomized, weighed, and housed four per cage. 
The mice were used as the source of spleen cells 
when they were 17-20 g in weight and were used for 
isolation of hepatocytes when they were 2&23 g in 
weight. The mice were maintained on Purina Lab 
Chow and tap water ad lib. The animal quarters were 
maintained at 21-24” and 40-60% relative humidity. 
A 12-hr light/dark cycle was used. 

Chemicals and other materials. Chemicals and cell 
culture materials were obtained from the following 
sources: [‘4C-methyZldimethylnitrosamine (DuPont/ 
Neu., Boston, MA); DMN (Aldrich Chemical Co., 
Milwaukee, WI); AAN, DEDTC and Collagenase 
type 1 (Sigma Chemical Co., St. Louis, MO); RPMI, 
Hanks’ Balanced Salt Solution (HBSS) and Way- 
mouth medium (Gibco Laboratories, Chagrin Falls, 
OH); Vitrogen (Collagen Corp., Palo Alto, CA); 
fetal calf serum (FCS) (Hyclone Laboratories, 
Logan, UT); sheep erythrocytes (SRBC) (Colorado 
Serum, Denver, CO); and 6-well cluster plates 
(Costar, Cambridge, MA). 

Isolation and culture of primary mouse 
hepatocytes. Mouse hepatocytes were isolated using 
a collagenase perfusion technique as described by 
Klaunig et al. [20] with minor modifications as pre- 
viously described [16]. In brief, the liver was initially 
perfused with 50 ml of Ca2+, Mg2+-free HBSS con- 
taining 0.05 of mM ethyleneglycolbis(amino- 
ethylether)tetraacetate (EGTA), and then with 
100 ml of HBSS containing collagenase (100 units/ 
ml) and trypsin inhibitor (100 units/ml). After wash- 
ing the cells three times by centrifuging at 50 g, they 
were counted on a hemacytometer and the viability 
was determined using trypan blue exclusion. The 
viability was routinely above 80%. The cell sus- 
pension was then adjusted to 1 x lo6 cells/ml in 
culture medium containing 5% FCS, and 1 ml was 
pipetted into individual wells of 6-well cluster plates 
pre-coated with Vitrogen 100. The culture medium 
consisted of Waymouth’s MB 751/l medium sup- 
plemented with hormones and other chemicals as 
described by Decad et al. [21]. The cultures were 
incubated at 37” in a humidified CO2 incubator. After 
2 hr of incubation, the medium was changed in order 
to remove dead or unattached hepatocytes. After 
20-24 hr of incubation, the medium was aspirated 
off and the plates were washed twice with 1 ml of 
RPM1 1640 medium. The hepatocytes were then 
used for co-culturing with mouse splenocytes. 

Isolation and treatment of splenocytes. Spleen 
cell suspensions were obtained using the method 
described by White and Holsapple [22]. The cells 

were suspended with RPM1 1640 and adjusted to 
3 x lo7 cells/ml. One milliliter of the splenocyte sus- 
pension was added to each of the primary hepatocyte 
culture wells. Chemicals were then added directly to 
the cultures. DMN was diluted with RPM1 1640, and 
AAN and DEDTC were dissolved in phosphate- 
buffered saline (PBS). The cultures were then incu- 
bated for the designated times (l-4 hr) at 37” in the 
CO2 incubator without rocking. After incubation, 
the plates were gently swirled, and splenocytes were 
harvested with Pasteur pipettes and transformed to 
sterile plastic tubes. The plates were then washed 
twice with 1 ml of RPM1 1640. The washings were 
combined with the splenocyte suspensions and 
centrifuged at 180g for 10 min. The pellet was 
washed once with 2 ml of RPM1 1640 and resus- 
pended in RPM1 1640 with 10% fetal calf serum. 

In vitro antibody response. The antibody response 
to SRBC was determined as previously described 
[16]. The spleen cells recovered from the hepatocyte 
wells were adjusted to lo7 cells/ml in RPM1 con- 
taining 10% fetal calf serum. Triplicate cultures for 
each test group were established in 48well culture 
plates (Costar, Cambridge, MA), and each well con- 
tained 0.5 ml of cell suspension with 50yM 2-mer- 
captoethanol and 5 X lo6 SRBC. The cultures were 
incubated with rocking for 5 days in an atmosphere 
of 10% CO,; 7% O2 and 83% N2. IgM secreting 
antibody forming cells (AFC) were enumerated 
using a modified Jerne plaque assay [23], and viability 
was assessed by the pronase method as previously 
described [4]. Results were expressed as AFC/106 
recovered cells * SE. 

Determination of the binding of DMN to TCA 
precipitates. For determination of the binding of 
DMN to TCA precipitates, the cultures were incu- 
bated with 5 $i of [14C]DMN (sp. act. 54.1 mCi/ 
mmol) for the designated times. After incubation, 
spleen cells were harvested with Pasteur pipettes and 
transferred to plastic tubes. The plates were washed 
twice with 1 ml of PBS (0.05 M; pH 7.2). The wash- 
ings were combined with the splenocyte suspensions. 
The plates were then incubated with 1 ml of col- 
lagenase solution (lOOunits/m HBSS) at 37” for 
10 min. Hepatocytes attached to the collagen-coated 
wells were detached by this procedure. The con- 
taminating splenocytes were separated from the 
detached hepatocytes by repeated pipetting and cen- 
trifuging three times at 50 g for 4 min. The super- 
natant fractions were combined with the splenocyte 
suspensions and the hepatocytes remained in the 
pellet. Hepatocytes were not detected in the splen- 
ocyte suspensions by microscopic examination. The 
cells were then centrifuged at 250g for 10 min. The 
supernatant fraction from this spin (medium) was 
removed and sampled. The pellets (splenocytes or 
hepatocytes) were resuspended in PBS and washed 
twice by centrifugation and resuspension in PBS. 
Splenocytes were treated with Tris-NH4C1 solution 
in order to remove any residual SRBC. Acid precipi- 
tation of cell suspension was achieved by addition of 
TCA at a final concentration of 5% (w/v) followed 
by vortexing and centrifugation at 650 g for 20 min. 
The supernatant fractions were removed, and the 
pellet was washed twice with 5% TCA (w/v) and 
then dissolved in 1 ml of 0.1 N NaOH. Protein was 
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determined by the method of Lowry et al. [24] with 
bovine serum albumin as the standard. Radioactivity 
was determined by liquid scintillation counting in an 
LKB rackbeta counter using Permafluor V (Packard, 
Downers Grove, IL) as the scintillation fluid. 

Statistical analysis. For the results of all studies, a 
Dunnett’s t-test [25] was performed if a one-way 
analysis of variance of the means showed treatment 
effects. 

RESULTS 

Previous results from this laboratory showed that 
the suppression of the antibody response by DMN 
is dependent upon rocking speed during the co- 
culture period and is produced most effectively under 
the no rocking condition [16]. Therefore, all the 
experiments in this study were done without rocking. 
As shown in Fig. 1, DMN was activated to an 
immunosuppressive form and produced the sup- 
pression in a dose range of 0.5 to 100 mM. There 
was no suppression by DMN without hepatocytes, 
indicating that splenocytes are not competent in the 
activation of DMN to immunosuppressive forms, 
and that DMN requires metabolic activation to pro- 
duce immunosuppressive effects. The suppression by 
DMN was demonstrated to be dependent upon both 
the concentration of DMN (Fig. 1) and the duration 
of co-culture time (Table 1). As shown in Table 1, 
the magnitude in the suppression of the response 
after 3 and 4 hr of incubation at 1 mM DMN were 
noted to be 40 and 80% respectively. In contrast, 
the inhibition by 50 mM DMN was 32% even after 
1 hr of incubation and was nearly complete after 
2 hr of incubation. Therefore, the inhibition by low 
concentrations of DMN required a longer incubation 
time. 

Studies designed to confirm that reactive inter- 
mediates interact with splenocytes were performed 
with [14C]DMN. Distribution to TCA precipitable 
material can be interpreted to indicate alkylation of 
macromolecules by methylating intermediates 

T-Dependent Antibody Response 

NA 0.5 1 5 10 50 100 

TREATMENT (mM DMN) 

W/O HEPATOCYTES W/ HEPATOCYTES 

Fig. 1. Dose-response relationship of the suppression of 
antibody production by dimethvlnitrosamine (DMN). 
Spleen &is were incubated with nothing (naive; ‘NA) & 
DMN (0.5 to 100 mM) without heoatocvtes (dotted bars) . , \ I 
or with hepatocytes (hatched bars). Values are means 2 

SE, N = four replicate wells per treatment. 

Table 1. Time course in the suppression of antibody pro- 
duction by DMN 

Incubation time AFC/106 recovered cells 
(hr) 1 mM 50 mM 

1 1059 k 82 785 2 20** 
2 1188 t 169 33 + 9** 
3 584 2 48** 3 + 3** 
4 230 2 29** 3 * 3** 

Control values of AFC/106 recovered cells are 1137 + 93 
(naive) and 1149 2 154 (hepatocytes only). Values rep- 
resent the mean 2 SE from three replicate cultures stimu- 
lated with SRBC. 

** P < 0.01 as determined by ANOVA and Dunnett’s r- 
test using the naive group as the control. 

[26,27]. Table 2 shows distribution of [14C]DMN to 
splenocytes and hepatocytes in a co-culture system 
after 4 hr of incubation with 94 PM [14C]DMN. The 
amount of DMN bound to TCA precipitable material 
in splenocytes co-cultured with hepatocytes was 
increased markedly when compared to splenocytes 
cultured alone (without hepatocytes). The binding 
of [14C]DMN to splenocytes co-cultured with hepa- 
tocytes showed a 2.8-fold increase on the basis of 
cell number and a greater increase (4.0-fold) on the 
basis of protein content. The alkylation of TCA 
precipitable material in hepatocytes (cpm/mg 
protein) was 2.6-fold greater than that in spleno- 
cytes, indicating that the alkylation of intracellular 
nucleophiles is more efficient than that to nucleo- 
philes of the target cells. The metabolism of DMN 
and the associated binding of DMN to TCA pre- 
cipitable material showed an incubation time-depen- 
dent increase in both hepatocytes and splenocytes 
up to 4 hr of incubation. As shown in Table 3, when 
compared to splenocytes alone, 1 hr of incubation 
resulted in a 38% increase in the binding of DMN 
to TCA precipitable material in splenocytes cultured 
with hepatocytes, whereas a 317% increase was 
demonstrated after 4 hr of incubation in the same 
group. The mount of DMN associated with hepa- 
tocytes was also increased in a time-dependent 
manner. The results for the 4-hr time point in Table 
3 agree nicely with the results in Table 2, indicating 
the reproducibility of the effect. The last column in 
Table 3 indicates the total cpm recovered after each 
incubation. The percentages of total recovered cpm 
to naive control (medium only; data not shown) after 
l-, 2-, 3- and 4-hr co-culture periods were 83.5%, 
75.8%) 70.2% and 56.1% respectively. These results 
indicate that appreciable quantities of the radio- 
activity derived from [14C]DMN were not recov- 
erable and were suspected to be lost in the gas phase 
as released formaldehyde. 

AAN and DEDTC are known as inhibitors of 
mixed-function oxygenase enzymes, especially DMN 
demethylase [18,19]. Both agents reduce DMN- 
induced hepatotoxicity in viva [19]. Both AAN and 
DEDTC were initially used in this study to test 
whether the DMN-induced suppression of the 
response to SRBC was mediated via reactive inter- 
mediates produced by DMN demethylase. The 
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Table 2. Distribution of [‘YZ]DMN to splenocytes and hepatocytes 

Sample* Total 

cpm/lO’ cells 
(pmol DMN/lO’ cells) 
TCA precipitable TCA supernatant cpm/mg protein 

material fraction (pmol DMN/mg protein) 

SPLC only 

Splenocytes 
cultured with 
hepatocytes 

Hepatocytes 

1,357 2 2271- 806 + 76 501 2 114 1,916 ” 265 
(12.6 2 2.2) (7.6 + 0.7) (4.7 * 1.1) (17.8 2 2.5) 

3,675 2 711 3,003 k 351 363 ? 60 7,704 t 388 
(35.2 2 6.6) (28.2 ‘- 3.3) (3.4 + 0.6) (71.7 ? 3.6) 

19,460 2 2,558 

ND$ ND ND (182.1 + 23.8) 

* Cultures were incubated with 5 &i [“‘CIDMN (sp. act. 54 mCi/mmol) for 4 hr. 
t Values are mean cpm t SE, of triplicate cultures. Values in parentheses are mean pmol DMN + SE of triplicate 

cultures. 
$ Not determined. 

Table 3. Time course for the labeling of TCA precipitable material in in vitro incubations with 
[‘+Z]DMN 

cpm/mg protein 
Incubation ( pmol DMN/mg protein) 
time* 

Total cpm 
Splenocytes Splenocytes recoveredt 

(hr) (alone) (+ hepatocytes) Hepatocytes (x 106) 

I 1,936 k 252$ 2,683 ” 127 4,595 ‘- 527 5.22 2 0.14 
(18.0 2 2.3) (24.9 5 1.2) (42.8 2 4.9) 

2 1,831 2 302 4,781 k 218 8,966 + 486 4.37 k 0.31 
(17.0 2 2.8) (44.5 2 2.0) (83.7 t 4.5) 

3 2,072 2 352 6,713 + 266 13,680 2 1,870 4.05 -t 0.12 
(19.3 2 3.3) (67.2 If- 2.5) (127.2 2 17.4) 

4 1,902 k 265 7,995 + 396 17,920 f 1,290 3.28 ” 0.06 
(17.7 + 2.5) (74.4 k 3.7) (166.8 2 11.9) 

* Incubations were done with 5 &i of [‘%]DMN (sp. act. 54 mCi/mmol) for the designated 
times (l-4 hr) 

t Total cpm recovered in medium alone was 6.25 2 0.24 (X 10”). 
$ Values are mean cpm + SE of triplicate cultures. Values in parentheses are mean pmol DMN 

2 SE of triplicate cultures. 

only + 0.1 1.0 10.0 

H 

Fig. 2. Dose-response relationship of the reversal of DMN- 
induced suppression of antibody production by amino- 
acetonitrile (AAN). Spleen cells were cultured with nothing 
(naive; NA), hepatocytes only (H only), hepatocytes plus 
DMN (DMN, 1 mM) or hepatocytes plus DMAN (1 mM) 
plus AAN (0.1 to 10.0 mM). Values are means 2 SE, N = 

Table 4. Effect of AAN on the labeling of TCA precipitable 
material by [‘%]DMN 

cpm/mg protein 
(pmol DMN/mg protein) 

AAN Splenocytes 

(mM) (+ hepatocytes) Hepatocytes 

0 7,515 + 497* 18,470 + 2,078 
(70.0 + 4.6) (171.9 2 19.3) 

1 2,629 ? 78 6,381 k 2,097 
(25.1 5 0.7) (59.4 + 10.2) 

10 1,467 ? 102 4,842 + 590 
(13.6 k 0.9) (45.1 2 5.5) 

Each sample was incubated with 5 j&i of [t4C]DMN (sp. 
act. 54 mCi/mmol) for 4 hr. 

* Values are mean cpm 2 SE of triplicate cultures. 
Values in parentheses are mean pmol DMN + SE of trip- 

four replicate wells per treatment. licate cultures. 
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Fig. 3. Effects of the addition of 10.0 mM AAN to the co- 
culture medium on the suppression of antibody production 
by DMN. Spleen cells were cultured with nothing (naive; 
GA; open dar), hepatocytes only (H; open bar) or’ hepa- 
tocvtes olus DMN (0.5 to 100mMI and either AAN 
(haichedbars) or no AAN (dotted barb). Values are means 

k SE, N = four replicate wells per treatment. 

results with DEDTC were disappointing since con- 
centrations as low as lo-‘M produced a complete 
suppression of the antibody response to SRBC in the 
absence of either DMN or hepatocytes (data not 
shown). These results are consistent with the pre- 
viously demonstrated profile of activity of DEDTC 
as an immune modulator [28,29]. These reports 
showed that in uivo exposure to DEDTC augmented 
a variety of T-cell mediated functions. The direct 
effects of DEDTC have heretofore not been inves- 
tigated extensively. These studies are currently 
underway. The results with AAN were much more 
consistent with the predicted effects of blocking 
DMN demethylase activity. As shown in Fig. 2, 
AAN reversed the suppression by DMN in a dose- 
dependent manner when it was added directly to the 
co-culture medium with 1 mM DMN. The sup- 
pression by DMN was not affected by 0.1 mM AAN, 
was partially reversed by 1.0 mM AAN, and was 
completely reversed by 10 mM AAN. Antibody 
responses were not affected by doses of 0.1 to 10 mM 
AAN (data not shown), indicating that AAN has no 
direct effects on the function of splenocytes. AAN 
also decreased the binding of [14C]DMN to both 
hepatocytes and splenocytes (Table 4). The binding 
of [14C]DMN was reduced by 74% in hepatocytes 
plus 10 mM AAN when compared to hepatocytes 
without AAN. The amount of [14C]DMN bound 
to splenocytes plus 10 mM AAN was comparably 
reduced by 80% when compared to splenocytes with 
no AAN. Figure 3 shows the effects of 10 mM AAN 
on the suppression by various concentrations of 
DMN. AAN reversed the suppression by low con- 
centrations of DMN. The suppression by 0.5 and 
1 mM was reversed completely, and the suppression 
by 5 mM was partially reversed (85% compared to 
control) by AAN. The suppression by concentrations 
of DMN above 10 mM was not affected. 

DISCUSSION 

Alkylation of genetic material is generally 
accepted to be the primary mechanism of the muta- 
genicity and carcinogenicity of N-nitrosamines. 

There is some controversy concerning the specific 
metabolic pathway of DMN which generates the 
ultimate reactive metabolites. It is generally believed 
that the toxic intermediate, methyldiazonium, which 
is a final product of alpha-hydroxylation of DMN, 
causes the alkylation of macromolecules and sub- 
sequently induces carcinogenic and/or mutagenic 
effects [30]. 

While there are many papers describing the geno- 
toxicity of the nitrosamines, another form of DMN 
toxicity that has not been well studied is the sup- 
pression of acquired immunity. Animals exposed to 
DMN demonstrate significantly reduced cell- 
mediated and humoral immune responses after single 
or multiple exposure [4,10-141. In vitro treatment 
with DMN also causes the suppression of humoral 
immune responses in a co-culture system of murine 
hepatocytes and splenocytes [16]. The mechanisms 
for the effects of DMN on immune responses have 
not been elucidated. Based on the mutagenic prop- 
erty of DMN, we adopted a working hypothesis that 
DMN-induced immunosuppression would involve 
reactive intermediates. The objective of the present 
studies was to investigate our hypothesis by using in 
vitro antibody response to SRBC and a co-culture 
system of hepatocytes and splenocytes. 

In vitro antibody assays have been proposed as 
models to characterize immunosuppressive chemi- 
cals [31] and are a useful tool to investigate the 
mechanism of immunosuppressive effects. Since 
spleen cells have limited capability in metabolism, 
metabolic activation must be provided when studying 
immunosuppressive effects of chemicals like DMN 
(i.e. those dependent upon metabolism). Inves- 
tigations using in vitro approaches have indicated 
that DMN was metabolized to formaldehyde by 
enzymes of the microsomal fraction of liver [2,7,32]. 
The activation of DMN to a mutagenic form with 
hepatocytes was lOOO-fold greater than that with an 
S-9 fraction in the V-79 cell mutagenesis system [33]. 
Rumruen and Pool [34] also reported that intact 
hepatocytes showed higher activity to convert DMN 
to a mutagenic form than S-9 fraction in the Ames 
test. We have shown recently that intact hepatocytes 
but not liver homogenates (S-9 fractions) could meta- 
bolize DMN to an immunosuppressive form [35]. 

The results in Tables 2 and 3 show that a significant 
alkylation in hepatocytes was produced by incu- 
bation with radiolabeled DMN. The results in Table 
3 also indicate that large amounts of activity derived 
from [14C]DMN were lost in the gas phase, pre- 
sumably by metabolism to formaldehyde. Total cpm 
recovered after 4 hr of incubation was reduced by 
44%) suggesting that at least 44% of DMN added to 
culture medium was converted to volatile 
metabolites. The hepatocytes in this study were used 
20-24 hr after isolation, but they were still competent 
in metabolizing DMN to an immunosuppressive form 
and gave rise to the alkylation. The significant 
increase in the alkylation in TCA precipitable 
material in splenocytes cultured together with hepa- 
tocytes and DMN (compared to the splenocytes only) 
indicates that alkylating intermediates could be 
transferred from hepatocytes to splenocytes. Our 
results are consistent with the finding of 
Umbenhauer and Pegg [36], who showed that 
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freshly isolated hepatocytes are able to metabolize 
DMN, and that the intermediate, nitrosohydroxy- 
methylamine, results in alkylation of intracellular 
and extracellular DNA. Umbenhauer and Pegg [36] 
reported that cellular alkylation was complete in 
2 hr, the time at which the amounts of 7-methyl- 
guanine adducts and extracellular DNA alkylation 
exceeded the intracellular alkylation. In our co-cul- 
ture system, metabolism was continued up to 4 hr 
and the alkylation in both hepatocytes and splen- 
ocytes increased in a time-dependent manner. Our 
results demonstrating an apparent transfer of reac- 
tive intermediates are also consistent with two pre- 
vious studies using whole animal exposure to DMN, 
which showed that radioactivity derived from 
[14C]DMN is accumulated in spleen cells [17] and 
nonparenchymal liver cells [37]. Neither spleen cells 
nor nonparenchymal liver cells are capable of metab- 
olizing DMN. Isolation of radioactivity following 
exposure to [14C]DMN in TCA precipitable material 
may be the result of methylation by reactive inter- 
mediates, as described above, and of incorporation 
of 14C via the active C-l metabolic pool [26,38]. 
While our results cannot be used to determine the 
relative role played by incorporation via the C-l 
pool, it is important to emphasize that Barrows [38] 
demonstrated that only 30% of the methylguanine is 
produced through C-l incorporation. To summarize: 
our results suggest that an alkylating species can be 
generated within hepatocytes, can diffuse out and 
be transferred to splenocytes, and can react with 
macromolecules in splenocytes. The suppression of 
the antibody response to SRBC may be a conse- 
quence of the alteration of function of spleen cells 
caused by these alkylations. This interpretation is 
supported by the positive correlation between the 
time-dependent increase in alkylation (Table 3) and 
the time-dependent suppression of the antibody 
response by 1 mM DMN (Table 1). This inter- 
pretation is also supported by the induction of 
mutations in cells which do not metabolize DMN 
when these cells are cultured together with isolated 
hepatocytes and DMN [8,39]. 

Another approach to demonstrate the role of reac- 
tive metabolites in DMN-induced suppression of 
humoral immunity is to use an inhibitor of DMN 
demethylase. The measurement of AFC response 
and alkylation under the influence of an inhibitor is 
likely to provide useful information on the mech- 
anism of immunosuppressive effects of DMN. AAN 
is reported to inhibit the metabolism of DMN [18,40] 
and the induction of liver DNA strand breaks in vivo 
[19]. The results in Figs. 2 and 3 and Table 4 showed 
that the addition of AAN into the co-culture medium 
reversed the suppression by DMN and prevented the 
alkylation in both hepatocytes and splenocytes. The 
results suggested a positive correlation between the 
magnitude of the decrease in alkylation and 
the degree of reversal of DMN-induced immuno- 
suppression. The magnitude of reversal of DMN- 
induced suppression by AAN was different 
depending upon concentrations of DMN (Fig. 3). 
The suppression by low concentrations of DMN (0.5 
to 5 mM) was reversed by the addition of AAN, 
whereas the suppression of higher concentrations of 
DMN was not affected by AAN. Many investigations 

have indicated that a multiple enzyme pathway may 
be involved in the metabolism of DMN [32,41]. 
Arcos et al. [42] have reported the existence of two 
kinetically distinct DMN demethylase enzymes. 
High-affinity DMN demethylase was defined as the 
isoenzyme active in the substrate range of 0.8 mM, 
while low-affinity DMN demethylase was the iso- 
enzyme responsible for the metabolism of DMN at 
concentrations of 8-20 mM. Therefore, AAN seems 
to selectively affect high-affinity DMN demethylase 
in view of our results. 

We have used two different approaches to inves- 
tigate the role of reactive metabolites in the sup- 
pression of in vitro antibody response to SRBC by 
DMN. A significant increase in the alkylation in 
splenocytes was seen when splenocytes were co- 
cultured with hepatocytes. The time-dependent sup- 
pression by DMN was correlated with the time- 
dependent increase in amounts of alkylation in 
splenocytes. The suppression by DMN was reversed 
by AAN, which also resulted in a reduction in the 
amount of alkylation. Our results suggest that the 
immunotoxicity of DMN is mediated by reactive 
intermediates released from hepatocytes that alter 
lymphocyte function as a consequence of alkylation 
of macromolecules. 
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