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hormones on hepatic enzymes involved in drug metabolism. 
The present data also suggest that the three polypeptides 
although belonging to the same hormone “family”, interact 
via different intracellular mediators to produce the 
observed effects on the transferases. 
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Ethanol modulation of rat alveolar macrophage superoxide production 

(Received 6 October 1987; accepted 4 March 1988) 

The production of superoxide (0;) by phagocytic cells, turnover, intracellular Ca2+ mobilization and activation of 
such as the alveolar macrophage, is involved in both bac- protein kinase C [3,4], although there is some debate about 
terial killing and inflammation [l]. Mechanisms involved which processes are necessary or sufficient [5,6]. Effects 
with the limitation of 0; production are, therefore, of of long chain alcohols on neutrophils have been reported 
interest for two reasons: excessive production of [7]; h owever, the effects of ethanol on alveolar macrophage 
extracellular 0; is potentially toxic to normal tissue; and 0; production have not been examined previously. In this 
factors that reduce the level of 0; production could reduce investigation, we explored the observations that ethanol 
antibacterial effectiveness [2]. Stimulation of 0; pro- acted both as a weak agonist for 0; production and, more 
duction has been proposed to involve phosphatidylinositol strikingly, as an inhibitor of 0, production, produced by 
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the potent agonist, phorbol 12-myristate-13-acetate 
(PMA). 

Methods 

Ferricytochrome c (type VI), ionomycin, superoxide dis- 
mutase, N-2 hydroxyethylpiperazine-N’-2-ethanesulfonic 
acid (HEPES) and other buffer salts were obtained from 
the Sigma Chemical Co., St. Louis, MO. PMA was 
obtained from Calbiochem, San Diego, CA. Fura-2AM was 
obtained from Molecular Probes, Eugene, OR. Alveolar 
macrophages were prepared from virus-free, 200-250 g 
Sprague-Dawley rats (Charles River, Inc., Wilmington, 
MA) as previously described [8]. The cells remained viable, 
as measured by trypan blue staining following ethanol 
addition (up to SOOmM). Superoxide production was 
assayed by continually monitoring ferricytochrome c 
reduction [9]. Intracellular calcium was measured following 
loading of 5 X 106cells/ml with fura-2AM (2 PM) for 
15 min followed by an additional 30-min incubation after a 
lo-fold dilution with buffer. Following loading, the assay 
was performed in HEPES buffer containing 135 mM NaCl, 
5 mM KCI, 1.0 mM MgS04, 1.3 mM Ca’+, 5.0 mM glucose 
and 10 mM HEPES. Fluorescence was followed using an 
excitation wavelength of 340 nm with emission at 510 nm. 

Results and discussion 

Addition of ethanol (75-500 mM) to suspensions of alveolar 
macrophages resulted in a concentration-dependent pro- 
duction of 0, (Fig. 1). No stimulation was observed below 
75 mM ethanol. The use of specific pathogen, virus-free 
rats and freshly prepared reagent buffers was essential since 
the effect of ethanol as an agonist was difficult to observe 
if 0; production by “resting” cells occurred. 

A rise in intracellular Ca2+ has been associated with 
0, production following addition of concanavalin A in 
macrophages [lo] and f-Met-Leu-Phe in neutrophils [3]. 
Addition of 300 mM ethanol to fura- loaded macrophages 
resulted in an immediate and sustained elevation of intra- 
cellular Ca2+ (Fig. 2) from a normal resting concentration 
of 124.9 2 5.2 nM [lo] to 260 nM Ca2+. The intracellular 
Ca2+ remained elevated for at least 20-30 min (not shown). 
The initial increase in Ca” occurred in the presence of 
EGTA, indicating that a portion of the Ca’+ originated 
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Fig. 1. Ethanol stimulation of superoxide production in 
alveolar macrophages. Various concentrations of ethanol 
were added to suspended macrophages (1 .O x lo6 cells/ml) 
after equilibrium for 15 min at 37”. The rate of superoxide 
production was calculated after subtracting the initial base- 
line rate of ferricytochrome c reduction (not sensitive to 
superoxide dismutase) before ethanol addition. Data are 
the means + SD for four separate preparations. The inset 
shows an experiment where 165 mM ethanol was added to 
1.0 X lob cells/ml. The reduction of ferricytochrome c was 

blocked with superoxide dismutase (SOD). 
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Fig. 2. Effect of ethanol on free intracellular calcium in 
alveolar macrophages. Solid lines: Fura- loaded cells were 
suspended at 5 X 106cells/ml without stirring in the pres- 
ence of 1.3 mM Ca’+. Key: (a) stirring control, (b) 300 mM 
ethanol, (c) 20 PM ionomycin, and (d) 5 mM EGTA. Dot- 
ted lines: Cells stored in calcium-free buffer plus 30 PM 

EGTA. Key: (e) 300 mM ethanol. 

from intracellular stores (Fig. 2). The pattern of increase 
in intracellular calcium was not typical of agonist-induced 
changes in intracellular calcium, which show a decline after 
several minutes. Comparison of the spectra of resting cells 
and cells in ethanol by setting the spectra equal at 360 nm, 
the isosbestic point of fura-2, indicated that a true increase 
in intracellular calcium occurred. No change in fluorescence 
was observed following ethanol addition in cells that did 
not contain fura-2. 

PMA, which directly activates protein kinase C, is a 
much more potent agonist for 0; production than is etha- 
nol (33.9 2 1.7 pmol/min/106 cells for 500 mM ethanol vs 
730 ? 38 pmol/min/106 cells for a saturating concentration, 
10 ng/ml, of PMA). PMA addition alone does not increase 
intracellular calcium [12]. Preincubation in ethanol 
inhibited subsequent phorbol ester stimulation of 0; pro- 
duction (Fig. 3). After preincubation with 100 mM ethanol 
for 30 min, PMA-stimulated 0; production was inhibited 
75% (Fig. 3, inset). Ethanol inhibited PMA-stimulated 
0, production at all concentrations of PMA tested includ- 
ing saturating concentrations (10 ng/ml). Preincubation in 
ethanol was essential for inhibition of the response to PMA. 
No inhibition was observed when PMA and ethanol were 
added simultaneously (Fig. 3), indicating that ethanol did 
not interfere with the ferricytochrome c reaction with 
0;. 

The continued presence of high concentrations of ethanol 
was required for inhibition of PMA-induced 0; 
production. When the cells were preincubated with 300 mM 
ethanol in a small volume and subsequently diluted to a 
non-inhibiting concentration (25 mM) prior to the addition 
of PMA, the inhibitory effect of ethanol was not observed. 
Cells diluted into 300 mM ethanol-containing buffer were 
inhibited. Cells preincubated in 300 mM ethanol were not 
irreversibly damaged since these cells were able to generate 
0, in response to PMA. 

Based upon previous investigations of the regulation of 
alveolar macrophage 0, production, we can offer several 
possible mechanisms for the limitation of PMA-stimulated 
0, production by ethanol. One possible mechanism is 
related to the ethanol-associated increase in intracellular 
Ca*+. We have shown previously that other stimuli (con- 
canavalin A or A23187), which increase intracellular 
calcium, are associated with regulated 0; production in 
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Fig. 3. Effect of preincubation with ethanol on PMA-induced superoxide production. PMA (1 ng/ml) 
was added to lo6 cells at time zero. EthanoI (100 mM) was added at time 0,s min before PMA addition, 
or 10 min before PMA addition. Superoxide production was always superoxide dismutase inhibitable. 
The inset shows experiments where PMA (1 ng/ml) was added to 106 cells/ml after preincubation with 

ethanol (100 mM) for 0, 5, 15, and 30 min. Values are means rt SD for four separate experiments. 

alveolar macrophages [ll]. For instance, when A23187 or 
concanavalin A or ethanol is added alone, 0; 
production increases, then gradually slows and ceases 
after 10 min. Such cells are stimulated to produce 0; , but 
apparently a mechanism is also triggered which limits 
0; production. In contrast, when phorbol ester is added 
to macrophages, 0, production continues for at least 
20 min wiihout sign of abatement [ll]. When agonists that 
increase intracellular Ca*’ (A23187 or Con A) are added 
with phorbol ester, the net‘result is a diminution of total 
0,~ production as compared to that produced by phorbol 
ester alone, although there is a synergistic increase in the 
initial rate of 0; production [ll]. These results imply that, 
in alveolar macrophages, events related to a rise in intra- 
cellular Ca*+ may have both a stimulatory and an inhibitory 
effect on 0; production. By analogy, ethanol, through 
elevation of intracellular calcium, may exert these two 
effects by the same mechanisms. 

The concentrations of ethanol used in our studies were 
sufficient to increase membrane disorder 1121. Phos- 
pholipase C is dependent upon lipids for activity 113). It is 
possible that the increase in membrane disorder following 
ethanol addition to macrophages is sufficient to influence 
phospholipase C activity and thereby stimulate inositol 
phosphate metabolism and internal Ca*+ release. There is 
support for this hypothesis in studies by Hoek et al. 1141 
who have shown that ethanol, at concentrations similar to 
those used in the present study, causes phosphatidylinositol 
breakdown and intracellular Ca2+ mobilization in 
hepatocytes. Another possible mechanism in which dis- 
ordering of membranes could have been responsible for 
the effect of ethanol upon 0; production by the alveolar 
macrophage could have been interference with protein 
kinase C activation and transformation to the plasma 
membrane. The rapid reversal of the inhibitory membrane 
disorder could have affected the NADPH oxidase directly 
since many of its components are membrane bound. 

t Send correspondence to: Dr. Raymond J Dorio, Div- 
ision of Neonatology, Childrens Hospital of Los Angeles, 
4650 Sunset Blvd. Los Angeles, CA 90027. 

In summary, ethanol interacted with signal transductior. 
pathways important in 0; production in the alveolar 
macrophage. Ethanol was a weak agonist for 0; pro- 
duction and produced an increase in intracellular Ca*‘. 
More strikingly, ethanol strongly inhibited PMA-induced 
0; production. 
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Inhibition of folate-dependent enzymes by 7-OH-methotrexate 

(Received 2 September 1986; accepted 10 March 1988) 

Methotrexate (MTX-Glu,*; 4-NHz-lo-CH3-pteroyl glu- 
tamate), a widely used antineoplastic agent, is thought to 
exert its antitumor effect by virtue of its tight-binding 
inhibition of dihydrofolate reductase (EC 1.5.1.3; DHFR) 
[l]. MTX has been shown to undergo intracellular poly- 
glutamation in a manner similar to the polyglutamation of 
physiologic folates [2]. With a long intracellular T,, these 
MTX polyglutamates (PGs) become the predominant form 
of intracellular drug in malignant cells and, to a lesser 
extent, in normal tissues. The MTX-PGs retain the inhibi- 
tory potency of the parent compound for dihydrofolate 
reductase [3]. Polyglutamated forms of MTX are also 
potent inhibitors of the folate-requiring de nova pyrimidine 
synthetic enzyme thymidylate synthase (EC 2.1.1.45; TS) 
[41 and aminoimidazole-carboxamide ribonucleotide 
transformvlase (EC 2.1.2.3; AT) 151, one of two folate- 
requiring enzymes involved.in de no;0 purine synthesis. 

7-OH-MTX is the maior metabolite of MTX. in which 
the 7-position of the pieridine ring is hydroxylated by 
aldehyde oxidase. This metabolite was first described by 
Johns and Loo in rabbits and was found to have inter- 
mediate potency as an inhibitor of DHFR, with a K, of 
6.6 x 10m9M [6], or 2-3 orders of magnitude less than 
MTX. However, the metabolite is found in high con- 
centration in plasma, particularly in patients treated with 
high-dose MTX, and becomes the predominant drug form 
10-12 hr after MTX treatment [7,8]. In a study of patients 
treated with high-dose MTX (14&350 mg/kg), the plasma 
concentration of 7-OH-MTX exceeded that of MTX 3- 
10 hr following the infusion of high-dose MTX [9]. At later 

* Abbreviations: MTX, methotrexate (the total number 
of glutamyl groups appended to the pteroyl moiety of MTX 
is denoted by the suffix -Glu,); TS, thymidylate synthase; 
AT, phosphoribosylaminoimidazolecarboxamide 
(AICAR) transformylase; DHFR, dihydrofolate 
reductase; and PG, polyglutamate. 

time points, when plasma levels of MTX were in the range 
of lo-’ M, the level of 7-OH-MTX was found to be 17-140 
times higher than that of MTX, and the plasma half-life of 
7-OH-MTX was found to be 23.8 hr, or about three times 
longer than the terminal T, for MTX. 

7-OH-MTX has been found to be polyglutamated intra- 
cellularly in vitro in the human acute lymphoblastic leu- 
kemia cell line (MOLT 4) at approximately the same rate 
and extent as MTX [lo]. In Ehrlich ascites cells, the rate 
of polyglutamation of ‘I-OH-MTX exceeded that for MTX 
by a factor of 2.7 at equimolar extracellular drug levels, 
and ‘I-OH-MTX has been shown to be transported more 
efficiently than MTX in these cells [ 111. 

Aside from their inhibition of DHFR, 7-OH-MTX and 
its polyglutamates have not been shown to be inhibitors of 
other f&ate-requiring enzymes. In this paper, we report 
the notencies of 7-OH-MTX and its tetraelutamated form 
as inhibitors of the de nova pyrimidine sinthetic enzyme 
TS and the de nova purine synthetic enzyme AT. 

Materials and methods 

Chemicals. AICAR, 1-ethyl-3(3-dimethylaminopropyl)- 
carbodiimide, 2-mercaptoethanol type I, dextran (clinical 
grade), deoxyuridine monophosphate (dUMP), bovine 
serum albumin fraction V, acid-washed activated charcoal, 
folic acid (crystalline), and L-ascorbic acid were purchased 
from the Sigma Chemical Co. (St. Louis, MO). Purified 
folic acid pentaglutamate (PteGlu,) was obtained from the 
Drug Synthesis and Chemistry Branch, National Cancer 
Institute (Bethesda, MD). A Bio-Rad Protein Assay kit 
was purchased from Bio-Rad Laboratories (Richmond. 
CA).- [5-‘HIdUMP (20 Ci/mmol) was obtained from the 
Moravek Biochemical Co. (Brea, CA). 7-OH-MTX-Glu, 
and 7-OH-MTX-Glu, were prepared and purified by high- 
pressure liquid chromatography according to published 
methods [12]. All other chemicals were of the highest 
quality obtainable. 


