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Nicotinamide methyltransferase (Nmd CH,transferase) activity increased in the liver of mice after
i.p. transplantation of Ehrlich ascites tumor (ascitic form), but not in the liver of mice with acute
inflammation induced by the i.p. administration of D-galactosamine, and it rather showed a decrease
together with necrosis after carbon tetrachloride administration. When Nmd CH,transferase activity
of rat hepatocytes in primary cnlture was investigated with the addition of dexamethasone, epidermal
growth factor, transforming growth factor-3, tumer necrosis factor-a and N'-methyInicotinamide (1-
CH;Nmd), changes in activity were not correlated with DNA synthesis, snggesting that the increase
of this enzyme activity in the tumor host liver was not directly related to liver cell proliferation. Thus,
in order to make nuse of the increase of this enzyme activity as a tumor burden marker, a procedure
for its estimation by measuring the blood level of 1-CH,;Nmd, a metabolite of Nmd produced by Nmd
CH,transferase, was established. The 1-CH;Nmd level in the blood of mice bearing Ehrlich ascites
tumor 4 h after s.c. loading of Nmd (500 mg/kg body weight) was closely correlated with this enzyme
activity in the liver (r=10.835, P<0.00001) from the early to the terminal stage of tumor development.
Furthermore, similar correlations were seen in the animal groups bearing various other tumors, such
as s.c. implanted Ehrlich ascites tumor (solid form) and i.p. implanted sarcoma S-180, hepatoma MH-
134, Yoshida ascites sarcoma and leukemia 1.-1210, but not solid tumors such as Lewis lung carcinoma
and melanoma B-16, although almost all of the animals bearing these tumors showed a higher enzyme

activity than their control normal animals.
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Nicotinamide: S-adenosylmethionine methyltrans-
ferase (EC 2.1.1.1; nicotinamide methyliransferase; Nmd
CH,transferase)* catalyzes the transfer of the methyl
group from S-adenosylmethionine (SAM} to nicotin-
amide (Nmd) to produce N'-methylnicotinamide (1-CH;-
Nmd) and S-adenosylhomocysteine,” and is localized
predominantly in the mammalian liver.>* 1-CH;Nmd
is mostly excreted into urine and partly further converted
via catalysis by 1-CH;Nmd oxidase to N'-methyl-2-
pyridone-5-carboxamide and N'-methyl-4-pyridone-5-
carboxamide, which are also excreted into urine.*®

In rats bearing Walker 256 carcinosarcoma, it was
postulated that the observed elevation of urinary ex-
cretion of 1-CH;Nmd was caused by the increase of Nmd
CH,transferase activity in the tumor rather than in the
liver, probably because the enzyme activity in the tumor
was significantly higher than that in the host liver, in
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+ Abbreviations used are: Nmd CHitransferase, nicotinamide
methyltransferase; Nmd, nicotinamide; SAM, S-adenosylme-
thionine; 1-CH;Nmd, N'-methylnicotinamide; EGF, epidermal
growth factor; TGF-3, transforming growth factor-8; TNF-a,
tumor necrosis factor-@; CCl,, carbon tetrachloride; DTT,
dithiothreitol,
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which the activity was only slightly higher than that in
normal rat liver, although many metabolic changes can
be seen in animals bearing tumors, especially in the
liver.” Later, we showed that Nmd CHjtransferase activ-
ity gradually increased in the liver of the mouse with
tumor development after the transplantation of Ehrlich
ascites tumeor, and also that this phenomenon was general
in various kinds of experimental tumors.*** The activity
of Nmd CHjtransferase was distinguished by its continu-
ous increase up to the terminal stage of tumor growth, in
contrast to catalase activity in the liver, which is well
known to decrease gradually throughout tumor
growth.”®'Y Measurement of an enzyme activity which
increases in the tumor host would be much more reliable
for the diagnosis of tumor burden, since a decrease of
enzyme activity could be a result not only specifically of
the tumor burden but also just due to the decay of the
tumor host.'®

In this study, in order to utilize the 1-CH,Nmd blood
level as a tumor burden marker instead of the Nmd
CH,transferase activity in the liver in the tumor host, we
examined the relationship between both values after
Nmd loading, since the 1-CH;Nmd level in the blood was
undetectably low per se even in the tumor-bearing
animals. The physiological significance of the enzyme
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activity increase in the liver and the clinical applicability
of this increase as a tumor burden marker are discussed.

MATERIALS AND METHODS

Chemicals vL-[Methyl"H]SAM (75.2 Ci/mmol) and
[ methyl-*H]thymidine (43.0 Ci/mmol) were purchased
from Amersham International ple, Buckinghamshire,
England. Nmd, 1-CH;Nmd, aprotinin and dexametha-
sone were purchased from Sigma Chemical Co., St.
Louis, Mo.; sodium 1-octanesulfonate was from Regis
Chemical Co., Morton Grove, Ill.; epidermal growth
factor (EGF) was from Takara Shuzo Co., Ltd., Kyoto;
insulin and transforming growth factor-8 (TGF-§) were
from Biomedical Technologies Inc., Stoughton, Mass.;
and tumor necrosis factor-@ (TNF-a) was from R&D
Systems Inc., Minneapolis, Minn. All other chemicals
used were obtained from commercial sources.

Animal and tumor dd/Y strain male mice, 6 weeks old,
were provided by Funabashi Farm Co., Ltd., Funabashi.
Ehrlich ascites tumor had been maintained i.p. in this
strain by weekly serial transplantations of the tumor
ascites (1X 10 cells), which was implanted i.p. and s.c.
to prepare ascitic and solid forms, respectively, C3H/He,
ICR/J and DBA/2]J strains of mice (male, 6 weeks old)
were obtained from Shizuoka Agricultural Cocperative
Ltd., Shizuoka, to maintain i.p. hepatoma MH-134,
sarcoma 8-180 and leukemia L-1210, respectively, by
serial transplantations of the ascites (110 cells). Six-
week-old male Donryu sirain rats obtained from Nihon
Rat Co., Tokyo, were used to maintain Yoshida ascites
sarcoma by ip. weekly serial transplantations of the
tumor ascites (1 10° cells). Solid Lewis lung carcinoma
and melanoma B-16 (1X 107 cells) were inoculated s.c.
into 6-week-old male BDF1 and C57BL/6 mice
purchased from Shizuoka Agricultural Cooperative Ltd.,
respectively.

Induction of hepatic disorders One model of hepatic
disorder with inflammation was prepared by the adminis-
tration of p-galactosamine to mice. Male dd/Y mice, 6
weeks old, were injected i.p. with D-galactosamine dis-
solved in saline at a dose of 250 mg/kg body weight 3
times every 4 h. The mice were used for experiments 48
h after the first injection.'” ¥ The other model of hepatic
disorder with necro-cytosis was prepared by the adminis-
tration of carbon tetrachloride (CCl,) to mice. CCl,
dissclved in olive oil at a concentration of 0.05% was
given at a dose of 4 mg/kg body weight intragastrically
into the same mice as above. After 24 h, necrosis of
hepatocytes was induced with increased serum GOT,
GPT and LDH activities as described before,'™ '® and the
mice were used for experiments.

Primary culture of rat hepatocytes The liver of male 7-
week-old Wistar strain rats (Shizuoka Agricultural Co-
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operative Ltd.) was perfused ir situ with Hanks’ solution
containing collagenase (230 units/mg; Wako Pure
Chemical Industries, Ltd., Osaka) at a concentration
of 0.5 mg/ml and the liver cells were collected. Paren-
chymal hepatocytes which were isolated by centrifuga-
tion 3 times at 50¢ for 1 min each from the collected cells
were cultured for 4 h in Williams medium-E {Flow
Laboratories, Irvine, Scotland) with 5% fetal calf serum
(Gibco Co., Grand Island, N.Y.) and 10”° M insulin'”
at an initial cell density of 1X10° cells/cm? Then the
medium was changed to serum- and insulin-free Williams
medium-E with aprotinin at the concentration of 0.2 g/
ml. Twenty h later, test substances were added to the
medium and the culture was continued for another 24 h,
and finally DNA synthesis and Nmd CH,transferase
activity were assayed,
Assay of Nmd CHjtransferase activity The enzyme
activity was assayed by using the supernatant obtained by
centrifugation at 105,000 g for 60 min of the liver homog-
enate prepared in 4 volumes of 50 mM Tris-HCl buffer
(pH 8.0) containing 2 mM DTT (dithiothreitol). In the
case of hepatocytes in the primary culture, the cells were
washed with ice-cold phosphatebuffered saline, har-
vested with a rubber policeman, and suspended in 50 mM
Tris-HCI buffer (pH 8.0) containing 2 mM DTT. Then
the cells were disrupted by three cycles of freezing and
thawing to prepare the homogenate, and the supernatant
of the homogenate was obtained as described above.
The enzyme assay was done by the method of Hoshino
et al'® with some modifications. The reaction mixture
(50 ¢l in total) consisted of 50 mM Tris-HCI buffer (pH
8.0), 2 mM DTT, 10 mM Nmd, 0.5 £Ci [CH,-"H]SAM
and the enzyme preparation. After incubation for 5 min
at 37°C with the subsequent addition of 3 gl of concen-
trated perchloric acid, 20 z] of the resulting supernatant
was developed on Whatman 3MM filter paper in a sol-
vent system consisting of isopropyl alcohol:formic acid:
H,0 (70:10:20; v/v/v). The radioactivity of the area on
the paper corresponding to 1-CH;Nmd was measured, '’
Activity was determined as an initial velocity under the
condition that radiocactivity was increasing linearly as a
function of time, and is represented by cpm/h/mg
protein.
Determination of 1-CH;Nmd level in the blood After the
s.c. injection of Nmd (500 mg/kg body weight) into the
back of mice, blood was taken from the femoral vein
under diethyl ether anesthesia. Ninety ¢l of the serum
filtered through an ultrafiltration membrane (Mr. 30,000
sieve, Ultrafree C3TK; Millipore Japan Co., Ltd.,
Tokyo) was mixed with 10 ¢l of 0.5 M phosphate buffer
(pH 7.0) containing 0.25 M l-octanesulfonate, with ad-
justment of the pH to 7.0 by adding H,PO, or KOH if
necessary. Then the prepared sample was used for analy-
sis. The HPLC system consisted of a Multipump (CCPM



and PX-8010), reverse-phase analytical column (TSKgel
ODS-80TM, C18, 250 mm X 4.6 mm in diameter; parti-
cle size, 5 #m) and detector (UV-8011, Tosoh Co., Ltd.
Tokyo), and the method of Kutnink er al*® was
employed with some modifications. The mobile phase
contained 10 mM K,HPO, and 10 mM 1-octanesulfonate
in 8% acetonitrile, with the pH adjusted to 7.0. Condi-
tions were isocratic with a flow rate of 1 ml/min, the
temperature of the column and mobile phase was 25°C,
and the detection wavelength was 264 nm. The blood
level of 1-CH,Nmd was quantitated in terms of the peak
area of HPLC in comparison with that of the 1-CH;Nmd
standard.

Assay of DNA synthesis DNA synthesis was assayed by
measuring the incorporation of [*H]thymidine into the
trichloroacetic acid-insoluble fraction of hepatocytes in
primary culture as described before.”

Protein determination Protein was estimated by the
method of Lowry et al.™ with bovine serum albumin as
a standard.

Statistical analysis Statistical significance of differences
was evaluated by using Student’s two-tailed ¢ test.

RESULTS

Nmd CH,transferase activity in livers of tumor-bearing,
diseased and normal mice Nmd CHjtransferase activity
in the liver of mice 7 days after i.p. inoculation of Ehrlich
ascites tumor was 3-fold higher than that of normal mice.
In the liver of mice with hepatitis induced by the i.p.
administration of D-galactosamine, Nmd CHjtransferase
activity was almost the same as in normal mice. Mean-
while, in mice with necro-cytosis induced by CCl, p.o.
administration, the activity was significantly lower than
in the control mouse liver (Table I).

Effects of dexamethasone, EGF, TGF8, TNF-a and 1-
CH;Nmd on Nmd CHjtransferase activity and DNA
' synthesis in rat hepatocytes in primary culture DNA

Table I. Nmd CH;transferase Activity in Tumor Host Liver
and Injured Liver

Nmd CHjtransferase activity

Groups {cpm X 10™*/h/mg protein)

Treated Control
Ehrlich ascites tumor-implanted 36.3%7.0"*  11.1%1.3
D-Galactosamine-treated 13,7125 13.41+3.0
CCl,-treated 7.7+1.6* 11.311.0

%% Significant vs. control (P<0.01).

*  Significant vs. control (P<0.05).

Saline and olive oil were used as controls for D-galactosamine
and CCl, treatments, respectively. Each value represents the
mean and SE of three or four mice.

Blood Level of 1-CH,Nmd in Tumor Host

synthesis in the hepatocyies was measured 24 h after the
addition of the various agents to the culture medium. As
shown in Fig. 1, the addition of dexamethasone and
TGF-B resulted in 709% and 60% decreases in DNA
synthesis, respectively; in contrast, EGF resulted in an
11-fold increase compared with the control. Neither
TNF-a nor 1-CH;Nmd had any significant effect. No
significant change of Nmd CHstransferase activity
occurred after the addition of any of the above agents.
Time course of 1-CH;Nmd level in the blood and Nmd
CHtransferase activity in the liver of tumor host mice
after Nmd injection When Nmd (500 mg/kg body
weight) was injected s.c. into male dd/Y mice 7 days
after inoculation of Ehrlich ascites tumor, the 1-
CH:;Nmd level in the blood increased, reached a plateau
at 12 h and maintained this level at least until 24 h after
Nmd injection. At the same time, the level in normal
mice also increased with a peak at 9 h and then decreased
to the initial level at 24 h (Fig. 2A). Accordingly, Nmd
CHitransferase activity in the liver was measured. As
shown in Fig. 2B, the activity in the tumor host liver
increased gradually until 24 h after the Nmd injection,
becoming tmore than 2-fold higher than the initial activ-
ity, while the activity in the normal mouse liver stayed
almost constant until 24 h. From the above findings, 4 h
was chosen as the most suitable time to measure the
activity and the blood level after Nmd injection.

Time course of 1-CH;Nmd blood level and Nmd CH;-
transferase activity in the liver under Nmd loading in
mice after tumor inoculation The activity in the liver of

Nmd CHstransferase activity and DNA synthesis
(% of contrel)
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Fig. 1. Effects of various reagents on Nmd CHjtransferase

activity and DNA synthesis in rat hepatocyties in primary
culture. Nmd CHjtransferase activity () and DNA synthesis
(M) were measured as described in “Materials and Methods”
24 h after the addition of dexamethasone (1077 M), EGF (20
ng/ml), TGF-8 (100 pg/ml), TNF-¢ (20 ng/ml) or 1-
CH,Nmd (1 mM) to the medium. Each column represents the
meantSE (bar) of values of four cultures, expressed as per-
centage of the control (100%).
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mice under Nmd loading was more than 3-fold higher at
2 days after the inoculation of Ehrlich ascites tumor than
that of the normal mouse (at day 0), and continued to
increase until the expiration of the host mouse. This
alteration of activity paralleled that without Nmd load-
ing (Fig. 3A). The 1-CH;Nmd blood level with Nmd
loading also showed an increase after tumor inoculation
(Fig. 3B). However, 1-CH,Nmd was not detectable in
blood at any time after tumor inoculation without Nmd
loading. The correlation between the enzyme activity of
the liver and 1-CH;Nmd blood level under Nmd loading
was very high, with a correlation coefficient of 0.835
(P<0.00001), throughout the tumor development.
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Ifig. 2. Time course of 1-CH;Nmd level in the blood and Nmd
CHjtransferase activity in the livet of the tumor host mice after
Nmd s.c. injection. A: 1-CH,Nmd levels in the blood of normal
mice (O) and mice 7 days after i.p. inoculation of Ehrlich
ascites tumor (ascitic form)(®) were measured as a function
of time after s.c. injection of Nmd as described in “Materials
and Methods.,” B: Nimd CHjtransferase activities of normal
mice (O) and mice 7 days after i.p. inoculation of Ehrlich
ascites tumor (ascitic form) ( @) were measured as a function
of time after s.c. injection of Nmd. Each point represents the
mean = SE (bar) of the values of three mice.

of 1-CH:Nmd (ug/m2)

Blood level
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Fig. 3. Time course of 1-CH,;Nmd level in the blood and Nmd CH,transferase activity in the liver under Nmd loading after
i.p. inoculation of Ehrlich ascites tumor, A: Nmd CHitransferase activities in the liver of mice without (O} and with s.c.
injection of Nmd (4 h later) (®) were measured as a function of time after i.p. inoculation of Ehrlich ascites tumor as
deseribed in “Materials and Methods.” B: 1.CH,Nmd levels in the blood of mice without {©O) and with s.c. injection of Nmd

(4 h later) ( ®) were measured as a function of time after i,

mean +SE (bar) of the values of three mice.
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Fig. 4. 1-CH;Nmd level in the blood and Nmd CH,transferase
activity in the liver of mice with various tumors under s.c.
loading of Nmd. 1-CH;Nmd level (M) and Nmd CHitrans-
ferase activity (J) were measured as described in “Materials
and Methods” 4 h after s.c. injection of Nmd, The intervals
after tumor inoculation were 5 days in the case of Yoshida
ascites carcinoma, 18 days in Lewis lung carcinoma, 10 days
in melanoma B-16 and 7 days in the other tumors. Each celumn
represents the mean L. SE (bar) of values of three to five mice,
expressed as percentages of the mean of the corresponding
normal control (100%%). A statistically significant difference
vs, control is expressed by asterisks: % P<0.05 and *% P<
0.01. 1-CH;Nmd level and Nmd CHjtransferase activity of
controls under Nmd loading varied according to the strain or
species of the animal used for each tumor as follows, in the
same order as that in which the tumors are listed: 498+ 133,
10561, 67199, 20050, 1717 £22, 4981133, 870:+139 and
880+ 44 mg of 1-CH;Nmd/ml of the blood, and 11.97-2.1,
5.1%0.8, 7.2£2.2, 39.214.9, 97x2.3, 11.9%2.1, 179134
and 41.8 5.6 cpm X107 of 1-CN;Nmd formed/h/mg of the
liver protein.

Correlation between 1-CH;Nmd level in the blood and
Nmd CH,transferase activity in the liver of animals with
various tumors under Nmd loading As shown in Fig, 4,
hepatic Nmd CH;transferase activities in the hosts of all
of the tumors investigated were 1.5- to 5-fold higher on
average than the respective controls. The blood level of
1-CH;Nmd was also significantly higher (1.5- to 17-fold)
than the controls, except in 2 of the 3 solid tumors, i.e.,
Lewis lung carcinoma and melanoma B-16. There was a
significant correlation between the activity and the blood
level for each kind of tumor, except in the 2 solid tumors,
as shown in Table IL

Blood Level of 1-CH;Nmd in Tumor Host

Table II.  Correlation between 1-CH,Nmd Level in the Blood
and Nmd CHitransferase Activity in the Liver of Varicus
Tumor-Host Animals under s.c. Loading of Nmd

o (A®
Ehrlich tumor (ascitic form) 0932 (<0.00D)
Sarcoma 5-180 0981 (<0.001)
Hepatoma MH-134 0.985  (<0.001)
Yoshida ascites sarcoma 0.871 (<0.05)
Leukemia 1-1210 : 0.932 (<0.01)
Ehrlich tumor (solid form) 0.694  (<0.05)
Lewis lung carcinoma 0349  (>0.05)
Melanoma B-16 0.592  (>0.05)

1-CH,Nmd level and Nmd CHjtransferase activity were mea-
sured as described in the legend to Fig, 4.

a), b) Correlation coefficient (#) between the activity and the
blood level in the same tumor case for each kind of tumor with
P value.

DISCUSSION

In this study, a method for evaluation of the increase
of the 1-CH;Nmd blood level instead of the increase of
Nmd CHijtransferase activity in the liver of tumor host
animals was established for the purpose of non-surgically
detecting the tumor burden in cancer patients.

In the mouse models of hepatic inflammation and
damage, ordinarily observed disorders in the human
liver, no increase in the activity of Nmd CHj,transferase
was observed (Table I). This suggested that the increase
of activity in the liver of tumor host mice was at least
not caused by these disorders. In the regenerating rat
liver after partial hepatectomy, Nmd CHj;transferase
activity increased together with an increase of DNA
synthesis'® *); furthermore in RLC cells (cell line of well
differentiated rat hepatocellular carcinoma), 1-CH,;Nmd
stimulated DNA synthesis.” Thus, Nmd CH,transferase
activity is probably related to hepatocellular prolif-
eration. However, in the present study, it was clearly
demonstrated by the use of hepatocytes in primary cul-
ture that 1-CH3;Nmd did not stimulate DNA synthesis.
Furthermore, EGF, which stimulated DNA synthesis of
cultured hepatocytes,” did not alter the Nmd CH,-
transferase activity at all. The enzyme activity increase in
the regenerating liver could very well be caused by a
compensatory hyperfunction as discussed in connection
with another enzyme after partial hepatectomy.’® The
addition of dexamethasone, which is known to induce
differentiation and to reduce proliferation,”>*” did not
have any effect on Nmd CHjtransferase activity (Fig. 1).
Thus, this enzyme, unlike other enzymes such as tryp-
tophan 2,3-dioxygenase (EC 1.13.11.11)*® and tyrosine
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aminotransferase (EC 3.6.1.5),” should not be related
to differentiation of the hepatocytes in primary culture.

A variety of tests concerned with detection of malig-
nant disease have been reported 2 but their results
were not necessarily specific to the tumor burden. Over-
all, these tests might reflect aspects of altered metabolism
in a certain tumor, including disruption and prolifera-
tion. Therefore, it is difficult for these tests to distinguish
cancer from inflammatory diseases and to detect a low
tumor burden.™ ¥ However, the increase of Nmd
CHjtransferase activity in the liver should reflect the
metabolic alteration of the tumor host itself. The mecha-
nism of the increase of this enzyme in the tumor host
liver is not clear. We are now searching for the factor(s)
that stimulates Nmd CH,transferase activity in the liver
of tumor hosts.

Liver biopsy is not used in clinical investigations to
repeatedly measure hepatic enzyme activity. At least for
the tumors investigated in this study, Nmd CH;-
transferase activity in the tumor was negligible.> ® More-
over, 1-CH,Nmd oxidase activity, which catalyzed the
oxidation of 1-CH,Nmd, remained constant in the liver,
at least after inoculation of Ehrlich ascites tumor. Thus,
we could estimate the Nmd CHitransferase activity in the
liver in terms of 1-CH;Nmd, the reaction product formed
by this enzyme. Urinary excretion and blood level of 1-
CH,Nmd are influenced by niacin intake via food, and
the latter is very low, probably due to its prompt ex-
cretion into urine.”** However, by s.c. injection of Nmd
as the substrate of Nmd CHj;transferase, the 1-CH;Nmd
blood level could be made high enough to be detectable,
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