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$(—)-TMQ is considerably more potent than R(+)-TMQ
as a stimulant of B-adrenoceptor systems including lipolysis,
relaxation of trachea, and chronotropic activity in heart.
Furthermore. the blockade of antigen-sensitized histamine
release by the TMQ analogs and the reversal of drug
inhibition by propranolol are further evidence for involve-
ment of B-adrenoceptors for this series of compounds. In
this regard, Tsuzurahara et al. [7] demonstrated that the
blockade of histamine release by $(~)-TMQ in rat per-
itoneal mast cells is directly related to elevations in cyclic-
3'.5'-adenosine monophosphate and S-adrencceptor
activation.

The rank order of potency of TMQ analogs and iso-
proterenol for inhibition of antigen-induced histamine
release was (—)-TMQ > (-)-isoproterenol > erythro-a-
methlyTMQ = threo-a-methylTMQ > N-methylTMQ > a-
dimethylTMQ). With the exception of threo-a-methylTMQ,
this rank order is identical to that reported for the activation
of B-adrenoceptors in guinea pig trachea [3]. Previously,
we observed a reduction in potency of TMQ analogs for
the stimulation of f-adrenoceptors in guinea pig lung par-
enchymal versus tracheal strips, and suggested that these
more lipophilic analogs of TMQ may bind to nonspecific
(or nonreceptor) sites in lung parenchyma [5]. Similar to
lung parenchymal strips, the minced lung pieces represent
a heterogencous cell population, and an increased non-
specific binding of rhreo-a~-methylTMQ may account for
the difference in rank order of potency of this compound
in these two pharmacological systems. Further, the ability
of propranolol to reverse the inhibitory effect of threp-a-
methylTMQ on antigen-stimulated histamine release sug-
gests that this drug, like the other TMQ analogs, produces
its effect by the stimulation of f-adrenoceptors.

In summary, we conclude that the methyl-substituted
TMQ analogs retain significant in vitro antiallergic activity
and interact with a high degree of stereoselectivity and
potency in f-adrenoceptor systems. Further evaluation of
these TMQ analogs in vivo may provide useful leads to the
development of agents for treatment of pulmonary and/or
hypersensitivity disorders.

* Present address: Department of Pharmacology, Smith
Kline & French, 1500 Spring Garden, Philadelphia, PA
19101.

+ Address correspondence to: Dennis R. Feller, Ph.D.,
College of Pharmacy, The Ohio State University, 500 West
12th Ave., Columbus, OH 43210.

2979

Acknowledgements—The authors gratefully acknowledge
the partial support of this work by the National Institute of
Health (H1.-22533) and a Grant-in-Aid from the American
Heart Association with funds contributed in part by the
Central Ohio Heart Chapter, Inc. We also thank Mr. James
M. Miller for his technical assistance.

ASOKE MUKHOPADHYAY*
DuANE D, MILLER
Dennis R. FELLERY

Divisions of Pharmacology
and Medicinal Chemistry

College of Pharmacy

The Ohio State University

Columbus, OH 43210, U.S.A.

REFERENCES

1. A. F, Wilson and J. J. McPhillips, A. Rev. Pharmac.
18, 541 (1978).

2. D. D. Miller, in Kirk—Othmer Encyclopedia of Chemi.
cal Technology (Ed. Board: H. Mark, D. Othmer, C.
Overberger and G. Seaborg), Vol. 2, 3rd edn, pp. 758~
82. John Wiley, New York (1978).

3. Y. Iwasawa and A. Kiyomoto, Jap. J. Pharmac. 17,
143 (1967),

4. Y. Yamamura and S. Kishmoto, Ann. Allergy 26, 504
(1968).

5. A Mukhopadhyay, D. J. Sober, J, Chang, R. T. Slenn,
H. M. Amin, D. D. Miller and D. R. Feller, Eur. J.
Pharmac. 77, 209 {1982).

6.D. 1. Sober, J. Chang, J. W. Fowble, A.
Mukhopadhyay, D. R. Feller and D. D. Miller, J. med.
Chem. 24, 970 (1981).

7. K. Tsuzurahara, K. Ono, K. Ogiwara, T. Murata and
S. Takeyama, Chem. pharm. Bull. Tokyo. 27, 1715
(1979},

8. A, Beicheva, D. Zhelyakov, B. Manevska and Ch.
Ivanov, Biomed. Biochim. Acta 43, 803 (1984).

9. S. K. Wong and C. K. Buckner, J. Pharmac. exp. Ther.
214, 152 (1980).

10. P. A. Shore, A. Burkhalter and V. J. Cohn, J.
Pharmac. exp. Ther. 127, 182 (1959).

11. R. Hakanson and A. L. Ronnberg, Ann. Biochem. 60,
560 {1974).

12. D. R. Feller, M. T. Piascik and D. D. Miller, in Recent
Advances in Pharmacology of Adrenoceptors (Eds. E.
Szabadi, C. M. Bradshaw and P. Bevan), pp. 111-20.
Elsevier North-Holland, Amsterdam (1978).

13. R. F. Shonk, D. D. Miller and D. R. Feller, Biochem.
Pharmac. 20, 3403 (1971),

Biochemical Pharmacology, Vol. 35, No. 17, pp. 2979-2982, 1986.
Printed in Great Britain.

0006-2652/86 $3.00 + 0.00
Pergamon Journals Ltd.

The activity of UDP-glucuronyltransferase, sulphotransferase and glutathione-S-
transferase in primary cultures of rat hepatocytes

(Received 12 March 1986; accepted 12 March 1986}

Primary cultures of hepatic parenchymal cells are widely
used to study mechanisms of cytotoxicity and car-
cinogenesis of xenobiotics under defined conditions in vitro
{1, 2]. The cytotoxic and carcinogenic potency of chemicals
depends upon the balance between activation and detox-
ification processes in the cells. Activation is often associated

* Abbreviations used: GT UDP-glucuronyltransferase,
ST sulphotransferase, GSH reduced glutathione, MFO
mixed function oxidase, CDNB 1-chloro-2,4-dinitroben-
zene, HEPES, N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid.

with the cytochrome P-450 mixed function oxidase (MFO)*
system, while the Phase II conjugation reactions are usually
considered to detoxify xenobiotics, Alterations in the bal-
ance between these two processes during culture may limit
the application of cultured hepatocytes to studies of cyto-
toxicity and carcinogenesis.

Very little is known about the maintenance of con-
jugation reactions during primary culture of hepatocytes,
whereas MFQ activity is known to decline to low levels
within the first 24-48 hr of culture [3-5]. We have measured
the activity of UDP-glucuronyltransferase (GT, EC
2.4.1.17) and sulphotransferase (ST, EC 2.8.2) in cultured
hepatocytes using the model compounds 1-naphthol and
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Table 1. Conjugation of 1-naphthol (N) and phenolphthalein (P) during culture

Ratio of
glucuronidation/
Time in P glucuronidation N glucuronidation N sulphation sulphation of N
culture
(hr) 20 uM 100 uM 20 uM 100 uM 20 uM 100uM  20uM 100 uM
24 5738 56 8 41 + 4 48 = 4 77+ 12 533 1.13 2.15
(5) (6) €) (5) ©) 3 (3) 3)
48 13425 13619 11213 124+14 536 36x2 4.54 5.80
(5) (6) () (4) ©) () (3) (3)
72 230x24 15419 191+ 9* 161 £22 2710t 284+ 9.29 14.34
Q) ™) ) @) ®) “4) (% 4

Conjugation was measured in whole cells in Krebs-Henseleit buffer pH 7.6. Freshly isolated cells were
incubated in suspension (10%/ml). For cultured cells the substrates were added to the monolayer of cells
in the Petri dish. Conjugates were measured by HPLC [10].

Results for glucuronidation and sulphation are expressed as the % of freshly isolated cell activities, and
means + SE mean are shown, with the number of experiments in parentheses. Fresh cell values for
glucuronidation (expressed per mg total cell protein) were:

P 20 uM 0.32 % 0.04 nmol/min/mg (N = 5); P 100 uM 0.41 + 0.04 nmol/min/mg (N = 5); N 20 uM
0.57 % 0.06 nmol/min/mg (N = 4); N 100 uM 1.08 * 0.23 nmol/min/mg (N = 4). * P <0.05 by one way
analysis of variance. Significance levels refer to differences between the enzyme activities at 24 hr and at

48 hr and 72 hr.

Fresh cell values for sulphation (expressed per mg total cell protein) were:
N 20 uM 0.36 * 0.04 nmol/min/mg (N = 4); N 100 uM 0.34 = 0.01 nmol/min/mg (N = 3). + P <0.05
by one way analysis of variance. Significance levels refer to differences between the enzyme activities at

72 hr and in fresh cells.

Fresh cell ratios of glucuronidation/sulphation of N were 1.64 (3) at 20 4M and 3.59 (3) at 100 uM.

phenolphthalein, which are substrates for a 3-methyl-
cholanthrene inducible isozyme and a phenobarbitone
inducible isozyme of GT respectively [6]. In addition, the
levels of reduced glutathione (GSH) and the GSH con-
jugation of 1-chloro-2,4-dinitrobenzene (CDNB), a sub-
strate for several forms of GSH-S-transferase (7], were
measured.

Materials

Flow Laboratories (Irvine, Scotland) supplied the
William’s E medium, the foetal calf serum and antibiotics.
Collagenase was from Boehringer Mannheim (F.R.G.) and
the remainder of the chemicals used were supplied by Sigma
(St. Louis, MO).

Methods and results

Hepatocytes from male Sprague—Dawley rats (180-
220g) were prepared (90% viable by Trypan blue
exclusion) and cultured on collagen coated Petri dishes as
described previously {8, 9]. The medium used was William’s
E medium, supplemented with 5% foetal calf serum,
100 units/ml penicillin, 100 ug/ml streptomycin and 2.5 ug/
ml fungizone. Viability of monolayer cultures was assessed
by the lactate dehydrogenase (LDH) activity of the
medium, and expressed as a percentage of the total LDH
activity per dish after addition of 0.1% (v/v) Triton X-100.

The conjugation reactions were all carried out using
whole cells in Krebs—-Henseleit buffer, pH 7.4, contain-
ing 10mM N-2-hydroxymethyl-piperazine-N'-2-ethane-
sulfonic acid (HEPES). GT and ST activity were measured
at 20 uM and 100 uM 1-naphthol and phenolphthalein and
GSH conjugation at 50 uM CDNB. Formation of sulphate
and glucuronic acid conjugates from both substrates was
detected directly using ion-pair reversed-phase high pres-
sure liquid chromatography (HPLC) [10]. CDNB-GSH
conjugation was quantified spectrophotometrically [7].
Cytochrome P-450 samples were prepared as described
previously {11] and measured by the method of Omura
and Sato [12]. GSH content of the cells was measured
fluorimetrically [13] and protein determination was by the
method of Lowry er al. [14].

The statistical significance of the results was analysed by
one way analysis of variance using Bonferroni probabilities
[15].

Table 1 shows that the activity of GT decreased to about
50% of fresh cell values by 24 hr in culture. By 72hr,
however, the activity was 2-fold initial fresh cell values with
both substrates. Phenolphthalein was not sulphated to a
significant extent even in freshly isolated cells, so sulphation
was quantified only with 1-naphthol. In contrast to GT
activity, sulphation declines slowly throughout the 72 hr in
culture. As a consequence of the different behaviour of ST
and GT activities in culture, the ratio of glucuronidation to
sulphation is constantly changing in the cultured hepa-
tocytes. The concentration of GSH in the cells, and the
activity of GSH-S-transferase appear to be maintained for
at least 72 hr in the cultured hepatocytes (Table 2).

Table 2. Reduced glutathione (GSH) levels and GSH con-
jugation of 1-chloro-2,4-dinitrobenzene (CDNB)

Time in GSH GSH-CDNB
culture content formation
(hr) (% initial fresh cell values)
24 852 (3) 153 = 25 (4)
48 719 (3) 169 = 26 (4)
72 80 =11 (3) 118 = 5 (4)

GSH levels were measured by fluorimetry [13]. GSH
conjugation of CDNB was measured in whole cells using
10%/ml freshly isolated hepatocytes in suspension. The
CDNB was added to the monolayer of cells in the Petri
dish to measure conjugation during culture. The results are
shown as mean * SE mean, with the number of experi-
ments in parentheses.

Fresh cell GSH content was 42.3 = 2.4 nmol/mg protein
(N = 8) and GSH-CDNB formation was 1.1 = 0.1 amol/
min/mg cell protein (N = 4).
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Table 3. The effect of cycloheximide on metabolism and viability in cultures

P-GT N-GT N-ST Cyt
100 uM 100 uM 100 M P450 GSH Viability
(% initial fresh cell values) (% dead cells)
72 hr control 184 179 38 25 84 21
72hr 1075M
cycloheximide 67 92 40 29 72 11
72hr 1075 M
cycloheximide 42 51 41 37 81 28

Cycloheximide was added to the culture medium after 48 hr and the effect assessed after 24 hr

treatment.

GT and ST activity towards phenolphthalein (P) and 1-naphthoi (N) were measured in whole
cells by adding the substrates to the monolayer in the Petri dish.

Cytochrome P450 content was measured in cell homogenates by the method of Omura and
Sato [12] and GSH content was measured fluorimetrically [13]. Viability (% dead cells) was
estimated by NADH penetration measured by lactate dehydrogenase activity.

The results are means of duplicate experiments; variation was less than 15% for all

measurements.

Cycloheximide, an inhibitor of protein synthesis, was
added (107 M and 107 M) at 48 hr in culture and the effect
determined at 72 hr. Table 3 shows that ST activity, the
content of cytochrome P-450 and GSH in the cells, and cell
viability were relatively unaffected after the 24 hr exposure
to cycloheximide. However, the increase in GT activity
with both 1-naphthol and phenolphthalein was prevented
by the presence of cycloheximide.

Discussion

Maintenance of cytochrome P-450 in primary cultures
of hepatocytes has been shown to depend on medium
composition [11], with a modified Earle’s medium being
the most effective, followed by William’s E medium. The
conjugation reactions appear to be maintained to similar
extents in both of these media (results not shown), and
for the present study the hepatocytes were cultured in
William’s E medium.

GT, ST and GSH-S-transferase activities behave dif-
ferently in cultured rat hepatocytes. GSH-S-transferase,
measured with CDNB, is stable for 72 hr. CDNB is con-
jugated by several forms of rat GSH transferase, A, AA,
B (ligandin) and C [16] and Croci and Williams have
previously shown that GSH conjugation towards CDNB is
stable for 24 hr in rat hepatocyte cultures, whereas that
towards 1,2-dichloro-4-nitrobenzene (DCNB) is not {16]. It
would thus appear that the isozymes of GSH-S-transferase
have differential stabilities during culture, analogous to
previous observations with the isozymes of cytochrome
P-450 [17].

ST activity towards 1-naphthol was the most labile of the
three enzyme activities measured, declining steadily over
the entire 72 hr in culture. ST activity also appears to be
labile in many immortal mammalian cell lines. Wiebel et
al. found that phenol ST is more labile than GT in several
cell lines including a rat hepatoma cell line, mouse and
hamster kidney cells and a human lung carcinoma cell line
[18].

I%uring the first 24 hr of culture GT activity decreased to
approximately 50% of that in freshly isolated hepatocytes.
Previous reports of GT activity in rat hepatocyte cultures
demonstrated a decrease after 24 hr [5, 19] using testos-
terone, 4-nitrophenol and phenolsulfophthaiein as
substrates. At present the reason for this instability in GT
maintenance over the first 24 hr in culture is not known.

The 4-fold increase in GT activity occurring between 24
and 72 hr in culture could be due either to induction of the
enzyme requiring de novo enzyme synthesis or to activation

* M. H. Grant, unpublished results.

of the membrane bound transferase by removal of mem-
brane constraint. To distinguish between these possibilities
cycloheximide was added to the culture medium after 48 hr
in culture and was shown to prevent the increase in GT
activity. These results suggested that the increase in GT
activity was due to protein synthesis. We have previously
reported an apparent induction in the activity of the MFO
system under similar conditions [20]. The increase in GT
activity is thought to reflect de-differentiation of the hepa-
tocytes in culture and development of a pre-neoplastic
pattern of drug metabolizing activities [21]. Many attempts
have been made to modify culture conditions in order to
improve the expression of drug metabolizing enzymes and
preliminary results indicate that co-culture of rat hepa-
tocytes with another rat liver epithelial cell line may prevent
this increase in GT activity.*

The successful use of cultured hepatocytes as a model
system for toxicity studies necessitates the maintenance of
both MFO and conjugating enzyme activities at levels found
on initial isolation from the liver. The data presented here
indicate that the balance between the different pathways
of conjugation is continuously altering during hepatocyte
primary culture. This effect, combined with changes in
oxidative enzyme activity, will result in altered potential
for detoxification of xenobiotics.
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Methylglyoxal bis(butylamidinohydrazone), a new inhibitor of polyamine
biosynthesis that simultaneously inhibits ornithine decarboxylase,
adenosylmethionine decarboxylase and spermidine synthase

(Received 14 January 1986; accepted 6 March 1986)

Aliphatic polyamines, putrescine, spermidine and sperm-
ine, seem to be essential for cell growth, and they are
considered to serve as control intermediates in cellular
responses to hormones, growth factors and other environ-
mental signals [1]. For this reason there has been a great
deal of interest in determining the regulatory mechanisms
of pclyamine biosynthesis. Additionally, considerable
efforts have also been made to develop and examine inhibi-
tors for polyamine biosynthesis. These inhibitors appear to
be clinically important in the treatment of cancer {2}, and
they are useful in determining the functions of the poly-
amines in normal cell growth and differentiation [3].

The most widely used inhibitors of polyamine biosyn-
thesis are difluoromethylornithine, an enzyme-activated
irreversible inhibitor of ornithine decarboxylase (ODC;
EC 4.1.1.17) [4] and methylglyoxal bis(guanylhydrazone)
(MGBG), a potent inhibitor of putrescine-activated adeno-
sylmethionine decarboxylase (AdoMetDC; EC 4.1.1.50)
{5} MGBG is used very often in polyamine researches
[6, 7], but the severe side effects [8, 9] are compromising
its usefulness.

In view of the obvious advantages afforded by more
specific inhibitors of polyamine synthesis, we discovered
dicyclohexylamine [10] and recently synthesized N-chl-
orosulfonyl-dicyclohexylamine [11] as the inhibitors for
spermidine synthase. These compounds have been proven
effective in altering polyamine metabolism in several mam-
malian and bacterial systems [11-15].

In the present paper we report that methylglyoxal bis-
(butylamidinohydrazone) (MGBB) exerts its inhibitory
effects on three different enzymes in the polyamine biosyn-
thetic pathway.

Materials and methods

Chemicals. MGBB was synthesized as described else-
where [16], principally according to the method previously
published [17]. pL-[1-'*Clornithine (sp. act. 57.6mC/
mmole), S-adenosyl-L-[carboxy-'*C]methionine (sp. act.
58 mC;/mmole) and S-adenosyl-L-[methyl-'*C]methionine
(sp. act. 53.6 mC;/mmole) were purchased from New Eng-
land Nuclear Corp. (Boston, MA). Decarboxylated §-
adenosylmethionine, both unlabeled and labeled in the
methyl group, was prepared by the action of AdoMetDC
from Escherichia coli (strain B) and purified by chroma-
tography on Dowex-50-H™ and paper electrophoresis [18}.
All other chemicals were products of Nakarai Chemicals
Ltd.

Enzyme preparations. ODC from Ehrlich ascites tumor
cells [19], AdoMetDC from rat liver {20] and spermidine
and spermine synthases from rat ventral prostate {10] were
prepared as described in previous publications. Protein was
determined by the method of Bradford {21] using bovine
serum albumin as a standard.

Enzyme assays. The activities of ODC [22], AdoMetDC
[23], spermidine and spermine synthases [24] were
measured as described earlier.

Results and discussion

MGBB showed the inhibition of ODC, AdoMetDC and
spermidine synthase activities. To our surprise, this com-
pound, a derivative of AdoMetDC inhibitor MGBG,
inhibited ODC more sensitively than AdoMetDC. The
effect of the concentration of ornithine on the inhibition of
ODC by MGBB is shown in Fig. 1. This inhibition was
competitive with ornithine, and the calculated K, for
MGBB was 3.5 uM. The K, value for ornithine was esti-
mated to be 0.33 mM.

2
18] ot
—~ B8
b
Q
x gl &
£
,g- .
_|> 41—
2
| | | j J | 1
o] 5 10 15 20 25 30 35

1/Ornithine (mM~1)

Fig. 1. Competitive inhibition of ODC by MGBB with

ornithine as the variable substrate. ODC activity was

assayed in the absence (O) or presence of 2 (@) or 10 uM

(A) MGBB, with 0.029-0.232mM ornithine and 72 ug
enzyme protein.



