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Abstract—Dietary restriction (DR), i.e. reduction of total caloric intake, has been shown to result in
protection against monocrotaline (MCT)-induced pulmonary hypertension (PH). Restriction of the diet
to 8 g/rat/day instead of the usual intake (18 g/rat/day), inhibits the progression of cardiopulmonary
changes and prolongs survival after a single dose of MCT. We have shown previously that the
development of MCT-induced pulmonary hypertension is associated with inhibition of polyamine
biosynthesis in the lungs of MCT-treated rats. In the present study, we tested the hypothesis that DR
provides protection against the development of chronic PH in the rat by limiting increases in polyamine
and DNA synthesis. We randomly divided animais into four groups each (MCT, MCT + DR, control,
and control + DR). We injected rats with a single dose of MCT (60 mg/kg, s.c.) and a corresponding
number of control rats with vehicle. Animals in all groups were given free access to food and water
prior to administration of MCT. Immediately following injection of MCT both the MCT and control
groups were given free access to food and water, while the other groups (MCT + DR and control + DR)
were given the restricted diet (8 g/rat/day). Daily measurements were made of body weight and of
water and food intake. Animals were killed in each group at 1, 4, 7, 14, and 21 days post MCT to
determine right ventricular hypertrophy (RVH), lung wet weight, ornithine decarboxylase (ODC)
activity, and polyamine and DNA contents. We measured DNA synthesis 7 days after MCT by
determining [*H]thymidine incorporation into the whole lung DNA. We found that 7 days after MCT
treatment DNA synthesis increased compared to control. However, DR (MCT + DR) treatment
prevented the increase in DNA synthesis following MCT. Right ventricular hypertrophy, lung wet
weight, ODC activity and lung polyamine levels were increased following MCT. Treatment with DR
(MCT + DR) prevented increases in RVH, lung wet weight, ODC activity and lung polyamine levels.
We conclude that DR to 8 g/day/rat protects against MCT-induced PH and is associated with an
inhibition of increased lung polyamine and DNA synthesis that occur in the lung during the development
of MCT-induced PH. These results are consistent with a recent report which suggests that increased
lung polyamine biosynthesis is required for the development of MCT-induced PH. The data are also
consistent with the hypothesis that inhibition of polyamine biosynthesis influences the development of
MCT-induced PH in part by regulating DNA synthesis in key lung cells.
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Although a diagnosis of pulmonary hypertension
(PHt) can be confirmed by cardiac catherization,
our understanding of the basic mechanisms under-
lying the disease is lacking. However, studies in
experimental animals have contributed much to our
current knowledge. Chronic PH has been produced
using a variety of experimental animal models. These
models include increasing blood flow through the
pulmonary vascular bed (hyperkinetic), restriction
or obstruction of the pulmonary vascular bed,
constriction of pulmonary veins, dietary factors,
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chronic hypoxia, chronic hypercapnia, and some
models of lung diseases such as experimental
emphysema and silicosis [1].

Chroniclunginjury can be accompanied by chronic
PH in humans and in animals [2]. Monocrotaline
(MCT), a plant pyrrolizidine alkaloid, when
administered to rats results in pulmonary vascular
injury. After a single dose, pulmonary arterial
pressure is elevated and right ventricular hypertrophy
(RVH) develops [3-7]. Because of its toxic
properties, MCT has been used to study the
development of chronic PH [3-7], although the
mechanism of its action remains unknown.

Dietary restriction (DR), i.e. reduction of total
caloric intake, has been shown to result in protection
against MCT-induced PH {8]. Restriction of the diet
to 8 g/rat/day instead of the usual intake (18 g/rat/
day), inhibits the progression of cardiopulmonary
changes and prolongs survival after a single dose of
MCT. Animais given MCT and placed on an ad lib.
diet develop RVH as judged by a cross-sectional
area of ventricles and septum. In MCT-treated diet-
reduced animals, RVH did not occur. In addition,
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DR also enhances survival [8). The authors suggest
that the effects may be related primarily to reduced
food intake or to suppression of growth. In other
studies DR decreased polyamine biosynthesis in
organs other than the lung [9-13]. Increased
polyamine biosynthesis has been reported to be an
early event in cells given a stimulus for growth,
including partial hepatectomy [14], growth hormones
[15, 16] and oxygen toxicity {17-20]. Polyamines are
small nitrogen-containing polycationic compounds
that appear to influence the regulation of protein
synthesis and cell division [21-23]. The enzyme
ornithine decarboxylase (ODC, EC 4.1.1.17) cata-
lyses the conversion of ornithine to putrescine, the
rate-limiting step in the synthesis of polyamines, and
ODC has a half-life of approximately 10-15 min
[24].

Increases in ODC activity have been reported in
the lung following a single injection of MCT [25, 26].
This increased activity was observed to occur before
increases in RVH or pulmonary artery pressure,
reflecting PH, could be detected.

We have found that two models of chronic PH
(MCT- and hypoxia-induced) result in increases of
lung polyamine biosynthesis prior to the development
of PH in the rat and that prevention of increased
polyamine biosynthesis can protect against MCT-
induced PH in the rat [25-28]. These data suggest
that increased lung polyamine biosynthesis may be
essential for the development of chronic PH in the
rat. In this study we tested the hypothesis that DR
provides protection against the development of
chronic PH in the rat by limiting increases in
polyamine and DNA synthesis.

METHODS

Male Sprague-Dawley rats (5 weeks old, specific
pathogen free) from Hilltop Laboratories (Scotts-
dale, PA) were housed in individual cages and
maintained in a laminar flow animal isolation unit
at a constant temperature with a 12-hr photoperiod.
Daily measurements were made of body weight and
of water and food intake. To determine if DR
prevents the increase in polyamine levels associated
with the development of MCT-induced PH {25] we
randomly divided 100 rats into four groups each
(MCT, MCT + DR, control, and control + DR).
We injected 50 rats with a single dose of MCT
(60 mg/kg, s.c.) and a corresponding number of
control rats with vehicle. MCT (200mg) was
dissolved in 0.6 mL of 1N HCI, neutralized with
NaOH, and adjusted to a volume of 10 mL with
distilled water as previously described [8]. Animals
in all groups were given free access to food and
water prior to administration of MCT. Immediately
following injection of MCT both the MCT and
control groups were given free access to food and
water, whereas the other groups (MCT + DR and
control + DR) were given the restricted diet (8 g/
rat/day) [8]. Daily measurements were made of
body weight and of water and food intake. Five
animals were killed in each group at 1, 4, 7, 14, and
21 days post MCT to determine RVH, lung wet
weight, ODC activity, and polyamine and DNA
contents.
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Animals were euthanized with sodium pento-
barbital (60 mg/kg), and a medial sternotomy was
performed. The lungs and heart were removed and
placed in 0.9% NaCl at 4°. The lungs were weighed
and homogenized for 30sec with a Tissumizer
(Tekmar) in a solution consisting of 48 mM sodium
phosphate buffer (pH7.2), 0.1 mM pyridoxal 5'-
phosphate, 5 mM dithiothreitol, and 0.1 mM EDTA
at 4°. The volume was adjusted to 5.0 mL. Aliquots
of the homogenate were taken for polyamine and
DNA determinations, and the remainder of the
homogenate was centrifuged at 30,000 g for 30 min
at 4°. The activity of ODC was determined as
previously reported [17]. The atria were dissected
free from the heart, and the right ventricle (RV)
was isolated from the left ventricle plus septum
(LV +S). The RV and the LV + S were weighed,
and their ratio was used to estimate the extent of
RVH [29].

Lung polyamine levels were determined as
reported previously by Hacker and coworkers
{17, 20] using an extraction procedure similar to that
of Seiler and Weichmann {30]. A 0.5-mL aliquot of
lung homogenate was mixed with 0.5 mL of 0.4 N
perchloric acid, centrifuged at 30,000 g for 10 min at
4°, and the supernatant was collected. A 0.2-mL
aliquot of the supernatant was combined with 0.6 mL
of 0.28 M dansyl chloride in acetone:water (7:3,
v/v). The pH of each sample was adjusted to 9.8 to
10.2 using a solution of 0.6 M sodium bicarbonate
at pH 9.7. Five standards and two blanks were also
derivatized. All tubes were placed in the dark for
18 hr. After 18hr, 0.2 mL of 1.3M proline was
added to each tube to remove excess dansyl chloride.
Dansylated polyamines were extracted into 6 mL of
ethyl acetate. The ethyl acetate was collected and
evaporated to dryness under nitrogen at 40°. The
final extract was dissolved in 1 mL of ethyl acetate,
and 0.02 mL was injected into a high performance
liquid chromatograph (Varian 5020 Fluorochrom
fluorescence detector, excitation at 360 nm and
emission at 440 nm). The polyamines were separated
using a reverse-phase column (Varian MCH-10, C
10 um silica) with a gradient of water: acetonitrile
beginning at 50:50 and ending with 5:95. A 4-cm
guard column was used to protect the MCH column.
Values were corrected for recovery using 1,6-
diaminohexane as an internal standard.

DNA synthesis was determined using a separate
group of animals 7 days post MCT. Sixteen animals
were randomly divided into four treatment groups
(MCT, MCT + DR, control, and control + DR) of
four animals each. DNA was estimated by the
incorporation of radioactivity into DNA after
injecting 1 uCi/g body weight of [methyl-*H]-
thymidine (Amersham) intraperitoneally [31]. The
DNA was extracted as follows: 1 hr after injection
of [methyl-*H]thymidine the animals were anes-
thetized as described above, and the lungs were
perfused with 0.9% sodium chloride; hilar tissue was
removed, and the lungs were homogenized in
perfused with 0.9% sodium chloride; hilar tissue was
combined with an equal volume of 0.4 N perchloric
acid (4°) mixed and centrifuged at 30,000g for
20 min. The supernatant was discarded, and the
procedure was repeated. The pellet was extracted
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Fig. 1. Changes in the incorporation of [*H]thymidine into

lung DNA following MCT, MCT + DR, and control + DR.

Control rats received vehicle (s.c.). All groups were killed

7 days post MCT or vehicle. Values are means + SEM,

N = 4 for each group. Key: (*) significantly different from
control at P < 0.05.

twice with ethanol at room temperature and
centrifuged as above. The resulting pellet was
extracted with 0.2 N perchloric acid at 90° for 15 min.
The supernatant was collected and used for
measurement of [*H]thymidine incorporation and
DNA content. Tritiated thymidine incorporation
was measured by counting an appropriate aliquot in
a Beckman liquid scintillation counter (Beckman
Instruments, Fullerton, CA) using an external
standard. Incorporation into lung DNA is reported
as dpm/ug DNA. DNA content was determined by
the method of Schneider [32].

Data are expressed as means = SEM. Differences
between experimental groups were examined using
analysis of variance (ANOVA) and Scheffe’s test
for multiple comparisons. A P value equal to or less
than 0.05 was considered statistically significant.
MCT was purchased from Trans World Chemicals
(Washington, DC). All other chemicals were reagent
grade.

RESULTS

Preliminary studies in our laboratory demonstrated
that treatment of rats with MCT (60 mg/kg, s.c.)
resulted in increased [*H]thymidine incorporation
into whole lung DNA that was apparent at 4 days
and reached a maximum at 7 days. As shown in Fig.
1, [*H]thymidine incorporation into whole lung DNA
was increased approximately 2-fold above control 7
days after a single injection of MCT (P <0.05).
Treatment with DR (MCT + DR) prevented
increases in [*H]thymidine incorporation into whole
lung DNA associated with MCT. Animals given
vehicle and placed on DR (control + DR) exhibited
adecrease in [*’H]thymidine incorporation into whole
lung DNA that was below control (P < 0.05).

To determine if DR protects against MCT-induced
PH, we measured the weight of the RV/LV + 8§ to
estimate right ventricular hypertrophy. We found
that RV/LV + S was elevated above control in
animals treated with MCT (P < 0.05) at 14 and 21
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Fig. 2. Changes in the ratio of RV to LV + S following

MCT, MCT + DR, and control + DR. Control rats

received vehicle (s.c.). Groups were killed 1, 4, 7, 14, or

21 days post MCT or vehicle. Values are means + SEM,

N = 5 for each group. Key: (*) significantly different from
control at P < 0.05.
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Fig. 3. Changes in the lung wet weight (g) following MCT,
MCT + DR, and control + DR. Control rats received
vehicle (s.c.). Groups were killed 1, 4, 7, 14, or 21 days
post MCT or vehicle. Values are means = SEM, N = 5 for

each group. Key: (*) significantly different from control at
P < 0.05.

days post MCT (Fig. 2). Treatment with DR
(MCT + DR) prevented increases in RV/LV + S
associated with MCT. Animals given vehicle and
DR (control + DR) were not different from vehicle
alone (control, P> 0.05). Lung weight increased
following MCT (P < 0.05) at 7, 14, and 21 days (Fig.
3). Treatment of animals with DR (MCT + DR)
prevented increases in lung weight associated with
MCT. Animals given vehicle and DR (control + DR)
had lung weights that were less than vehicle alone
(control, P < 0.05) at 4, 7, 14, and 21 days.

To determine if DR prevents the increase
in polyamine metabolism associated with the
development of MCT-induced PH, we measured the
activity of ODC and the contents of polyamines in
the lungs. We found that the activity of ODC was
increased above control at 4 (8-fold) and 7 (3-fold)
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Fig. 4, Changes in the activity of ODC per lung following

MCT, MCT+ DR, and control + DR. Control rats

received vehicle (s.c.). Groups were killed 1, 4, 7, 14, or

21 days post MCT or vehicle. Values are means + SEM,

N =5 for each group. Key: (*) significantly different from
control at P < 0.05.
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Fig. 5. Changes in the activity of ODC per milligram DNA

following MCT, MCT + DR, and control + DR. Control

rats received vehicle (s.c.). Groups were killed 1, 4, 7, 14,

or 21 days post MCT or vehicle. Values are means + SEM,

N = 5 for each group. Key: (*) significantly different from
control at P < 0.05.

days following MCT (P < 0.05) per lung (Fig. 4). A
similar elevation in ODC activity was obtained at 4
(12-fold) and 7 (5-fold) days when ODC activity was
expressed per milligram DNA (P <0.05) (Fig.
5). Treatment with DR (MCT + DR) prevented
increases in ODC activity (Figs. 4 and 5). Animals
given vehicle and DR (control + DR) were not
different from vehicle alone (control, P > 0.05).
Consistent with our previous reports [25, 26, 33]
lung levels of putrescine increased above control
following MCT. The level of putrescine increased at
1,7, 14, and 21 days following MCT (P < 0.05) (Fig.
6). In animals treated with MCT + DR, putrescine
was not significantly different from control (P > 0.05)
at 1 and 7 days. Putrescine (MCT + DR) was
decreased below control at 4 days (P < 0.05) and
increased slightly above control at 14 and 21 days
(P < 0.05) post DR (MCT + DR). In animals given
vehicle and DR (control + DR), putrescine was
decreased below control at 4 and 21 days (P < 0.05).
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Fig. 6. Changes in the lung putrescine content following

MCT, MCT + DR, and control + DR. Control rats

received vehicle (s.c.). Groups were killed 1, 4, 7, 14, or

21 days post MCT or vehicle. Values are means = SEM,

N = 5 for each group. Key: (*) significantly different from
control at P < 0.05.
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Fig. 7. Changes in the lung spermidine content following

MCT, MCT+ DR, and control + DR. Control rats

received vehicle (s.c.). Groups were killed 1, 4, 7, 14, or

21 days post MCT or vehicle. Values are means = SEM,

N =5 for each group. Key: (*) significantly different from
control at P < 0.05.

Following MCT, the levels of spermidine and
spermine were increased above control at 7, 14 and
21 days (P<0.05) (Figs. 7 and 8). Levels of
spermidine and spermine in the lungs of animals
treated with MCT + DR were not significantly
different from control (P > 0.05) at 7, 14, and 21
days. Spermidine and spermine decreased below
control (P <0.05) at 4 days post MCT + DR. In
animals given vehicle and DR (control + DR)
spermidine was decreased below control at 4, 7, 14,
and 21 days, whereas spermine was decreased at 4,
14, and 21 days. Similar results were obtained when
polyamines were expressed per lung or per mg DNA.

Animals in the MCT + DR and control + DR
groups were given a restricted diet (8 g/rat/day)
immediately following MCT or vehicle injection on
day 0. This resulted in an inhibition of growth as
indicated in Fig. 9 where the body weight of rats in
groups MCT + DR and control + DR remained
unchanged following MCT or vehicle injection. This
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Fig. 8. Changes in the lung spermine content following

MCT, MCT + DR, and control + DR. Control rats

received vehicle (s.c.). Groups were killed 1, 4, 7, 14, or

21 days post MCT or vehicle. Values are means + SEM,

N = § for each group. Key: (*) significantly different from
control at P < 0.05.
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Fig. 9. Changesin body weight following MCT,MCT + DR,

and control + DR. Control rats received vehicle {(s.c.). All

groups were killed 21 days post MCT or vehicle. Values
are means * SEM, N = 5 for each group.

is in contrast to animals in the control or MCT
groups where the body weight continued to increase
throughout 21 days.

DISCUSSION

The involvement of polyamine biosynthesis in
regeneration and growth has been investigated in
several organs [34-37]. The polyamines, putrescine,
spermidine and spermine, are involved with the
regulation of cell growth and differentiation [37-39].
Onnithine decarboxylase is the initial and a rate-
limiting enzyme in polyamine biosynthesis [34, 37—
39], while S-adenosylmethionine decarboxylase
(AdoMetDC, EC 4.1.1.50) is the rate-limiting
enzyme for the conversion of putrescine to spermidine
and spermidine to spermine [37-39]. We have found
that continuous administration of 2-difluoro-
methylornithine (DFMO), a specific enzyme
activated, irreversible inhibitor of ODC activity
[34,40,41], prevented the development of MCT-
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induced PH and RVH {[25]. These observations
suggest that prolonged elevation of lung polyamine
concentrations may be essential for the development
of hypertensive vascular disease associated with
MCT toxicity, but the molecular events altered by
DFMO are unknown.

Although several studies have examined the role
of polyamines in chronic lung injury and repair [17-
19, 25, 33, 42, 43], there are no reports of the
influence of diet on polyamine and DNA synthesis
following MCT. The mechanism for protection from
MCT-induced PH by DR may involve the prevention
of a rise in polyamine and DNA synthesis.

Hayashi et al. [8] reported that in MCT-treated
diet-reduced animals RVH did not occur; however,
some focal swelling of the alveolar walls was noted.
Control lungs appeared normal whether the animals
were on an ad lib. diet or a reduced diet. Dietary
reduction also enhanced survival and was associated
with a suppression of growth. Our results confirm
that total caloric restriction to 45% of usual food
intake is associated with a suppression of growth
(Fig. 9).

Ithasbeenreported that MCT must be metabolized
before toxicity is apparent. Ganey et al. [44]
examined the possibility that DR might protect
against MCT-induced toxicity by decreasing the
bioactivation of MCT to monocrotaline pyrrole
(MCTP). They found that restricting the diet of rats
given MCTP prevented RVH when compared with
rats given MCTP and placed on an ad lib. diet for
14 days. These results support the notion that the
inhibition afforded by dietary restriction is due
primarily to its action(s) on the events that occur
post bioactivation of MCT.

The mechanism for the influence of DR on MCT-
induced PH may involve the regulation of ODC
activity by the protein content and possibly by the
amino acid content of the diet. The activity of ODC
increases after a protein meal. Sens ez al. [45] studied
the effect of amino acid mixtures on hepatic and
renal ODC activities and polyamine content in
postabsorptive and 72-hr fasted rats. They and others
[46,47] have found that fasting decreases ODC
activity in liver and kidney, whereas ingestion of a
protein, but not a carbohydrate, meal can restore
it. Intraperitoneal injection of either 1g/kg of a
synthetic mixture of 17 amino acids or of casein
hydrolysate increased renal and hepatic ODC activity
4- and 20-fold, respectively, in fasted rats. In
addition, injection of a mixture of glutamate,
aspartate, and alanine resulted in increased ODC
activity to the same extent as in the 17 amino acid
mixture. The content of hepatic and renal putrescine
was found to increase in parallel with ODC activity.
Increased ODC activity has been correlated with
cell growth and proliferation in a variety of systems
including partial hepatectomy. It would be important
to determine whether a low protein diet might
provide protection against MCT-induced PH. Based
on the studies cited above, reducing the amino acid
content of the diet may be critical in providing
protection against MCT-induced PH.

The results of this study are in agreement with the
previous findings of Hayashi e af. [8] that reduction
of total food intake provides protection against



2480

MCT-induced PH. Our study provides new data that
are consistent with the hypothesis that DR provides
protection against the development of chronic PH
in the rat by limiting increases in polyamine
biosynthesis. The mechanism by which DR protects
against the development of MCT-induced PH is
unknown. However, our results suggest that
suppression of polyamine biosynthesis by DR may
protect against the development of MCT-induced
PH in part by preventing increases in DNA synthesis.
In a recent study [26] we found that suppression of
polyamine biosynthesis by DFMO prevents the
increase of DNA synthesis in the lungs of rats
exposed to MCT and the development of MCT-
induced PH. These data suggest that suppression of
polyamine biosynthesis by DFMO may protect
against the development of MCT-induced PH in part
by preventing increases in DNA synthesis. In
addition, experiments using ornithine to reverse the
effect of DFMO suggest that the development of
MCT-induced PH is polyamine dependent and
independent of secondary effects upon growth [26].
In the current study we found that DR may protect
against the development of MCT-induced PH in part
by preventing increases in polyamine biosynthesis
that are involved in the regulation of DNA synthesis.

Evidence for a role of polyamines in the regulation
of DNA synthesis is abundant. Studies using
mutation or deletion in genes coding for the
polyamine biosynthetic enzymes, as well as those
using specific inhibitors, such as DFMO, have shown
that increases of cellular polyamine levels are a
requirement, not a consequence, of cell growth and
proliferation [48]. The drug DFMO has been shown
to inhibit the synthesis of DNA in a variety of normal
and neoplastic cells and tissues [49]. Luk [50] found
that DFMO inhibits polyamine and DNA synthesis
during liver regeneration following partial hepac-
tectomy. A recent report by Byus and Wu [51]
demonstrated that insulin and 12-O-tetra-
decanoylphorbol-B-acetate (TPA) induced DNA
synthesis in Reuber H35 hepatoma cells is dependent
upon polyamine biosynthesis.

Although we do not know in which celis DNA
synthesis is inhibited by DR, we have reported
recently that the most sensitive cells to low doses of
MCT appear to be endothelial and adventitial cells
in the intraacinar vessels of the rat lung [52]. Further
studies utilizing DR and specific inhibitors of
polyamine metabolism in conjunction with autoradio-
graphy will be required to identify which cells are
the key lung cells in the proliferative response of
lung cells to MCT. These data are consistent with
ourworking hypothesis thatincreased lung polyamine
biosynthesis is required for the development of
MCT-induced PH.

We conclude that DR to 8g/day/rat protects
against MCT-induced PH and is associated with an
inhibition of increased lung polyamine and DNA
synthesis that occur in the lung during the
development of MCT-induced PH. These results are
consistent with a recent report suggesting that
increased lung polyamine biosynthesis is required
for the development of MCT-induced PH. The data
are also consistent with the hypothesis that inhibition
of polyamine biosynthesisinfluences the development
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of MCT-induced PH in part by regulating DNA
synthesis in key lung cells.

Acknowledgements—The author thanks Gagig Alvandy,
Mark Goldberg, Felix Golovaty and Sepuh Isaghulian for
their excellent technical assistance. This study was
supported in part by Grants 832 G1-1 from the American
Heart Association, Greater Los Angeles Affiliate, and HL-
36123 from the National Heart, Lung, and Blood Institute.

REFERENCES

1. Herget J and Palecek F, Experimental chronic
pulmonary hypertension. Int Rev Exp Pathol 18: 347~
406, 1978.

2. Reeves JT and Herget J, Experimental models of
pulmonary hypertension. In: Pulmonary Hypertension
(Eds. Weir EK and Reeves JT), pp. 361-391. Futura
Publishing Co., New York, 1984.

3. Ghodsi F and Will JA, Changes in pulmonary structure
and function induced by monocrotaline intoxication.
Am J Physiol 240: H149-H155, 1981.

4. Hilliker KS, Bell TG and Roth RA, Pneumotoxicity
and thrombocytopenia after single injection of
monocrotaline. Am J Physiol 242: H573-H579, 1982,

5. Huxtable RJ, New aspects of the toxicology and
pharmacology of pyrrolizidine alkaloids. Gen Phar-
macol 10: 159-167, 1979.

6. Meyrick B, Gamble W and Reid L, Development of
Crotalaria pulmonary hypertension: Hemodynamic and
structural study. Am J Physiol 239: H692-H702, 1980.

7. Sugita T, Hyers TM, Dauber IM, Wagner WW,
McMurtry IF and Reeves JT, Lung vessel leak precedes
right ventricular hypertrophy in monocrotaline-treated
rats. J Appl Physiol 54: 371-374, 1983,

8. Hayashi Y, Kato M and Otsuka H, Inhibitory effects
of diet-reduction on monocrotaline intoxication in rats.
Toxicol Lett 3: 151155, 1979,

9. Domschke S and Soling HD, Polyamine metabolism in
rat liver: Effect of starvation and refeeding. Horm
Metab Res 5: 97-101, 1973.

10. Rozovski SJ, Rosso P and Winick M, Effect of
malnutrition and rehabilitation on the metabolism of
polyamines in rat liver. J Nutr 108: 1680-1690, 1978,

11. Rozovski SJ, Lewis CG and Cheng M, Ribonucleic
acid metabolism in rat liver during long-term adaptation
to malnutrition. J Nutr 112: 920-927, 1982.

12. Brosnan ME, Farrell R, Wilansky H and Williamson
DH, Effect of starvation and refeeding on polyamine
concentrations and ornithine decarboxylase antizyme
in mammary gland of lactating rats. Biochem J 212:
149-153, 1983.

13, Stanley BA and Kazarinoff MN, Ornithine decar-
boxylase induction in rat colon: Synergistic effects of
intrarectal instillation of sodium deoxycholate and
starvation-refeeding. J Nutr 114: 404410, 1984,

14. Russell D and Snyder SH, Amine synthesis in rapidly
growing tissues: Ornithine decarboxylase activity in
regenerating rat liver, chick embryo, and various
tumors. Proc Natl Acad Sci USA 60: 1420-1427, 1968.

15. Janne J and Raina A, On the stimulation of ornithine
decarboxylase and RNA polymerase activity in rat liver
after treatment with growth hormone. Biochim Biophys
Acta 174: 769-772, 1969.

16. Russell DH and Snyder SH, Amine synthesis in
regenerating rat liver: Effect of hypophysectomy
and growth hormone on ornithine decarboxylase.
Endocrinology 84: 223-228, 1969.

17. Hacker AD, Tierney DF and O'Brien TK, Polyamine
metabolism in rat lungs with oxygen toxicity. Biochem
Biophys Res Commun 113: 491496, 1983.

18. Thet LA, Parra SC and Shelburne JD, Repair of



19.
20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31

32

33.

34.
35.

Dietary restriction, polyamines and pulmonary hypertension

oxygen-induced lung injury in adult rats: The role of
ornithine decarboxylase and polyamines. Am Rev
Respir Dis 129: 174181, 1984.

Hacker AD, Polyamine metabolism of lungs and
oxygen toxicity. West J Med 142: 66-70, 1985.
Tierney DF and Hacker AD, Polyamines, DNA
synthesis, and tolerance to hyperoxia of mice and rats.
Am Rev Respir Dis 139: 387-392, 1989.

Morris DR and Harada J, Participation of polyamines
in the proliferation of bacterial and animal cells. In:
Polyamines in Biomedical Research (Ed. Gaugas IM),
pp. 1-16. John Wiley, Chichester, 1980.

Atkins JF, Lewis CW, Anderson CW and Gesteland
RW, Enhanced differential synthesis of protein in a
mammalian cell-free system by addition of polyamines.
J Biol Chem 250: 5688-5695, 1975.

Igarashi K, Kojima M, Watanabe Y, Maeda K and
Hirose S, Stimulation of polypeptide synthesis by
spermidine at the level of initiation in rabbit reticulocyte
and wheat germ cell-free systems. Biochem Biophys
Res Commun 97: 480-486, 1980.

Russell DH and Snyder SH, Amine synthesis in
regenerating rat liver: Extremely rapid turnover of
ornithine decarboxylase. Mol Pharmacol §5: 253-262,
1969.

Olson JW, Hacker AD, Altiere RJ and Gillespie MN,
Polyamines and the development of monocrotaline-
induced pulmonary hypertension. Am J Physiol 247:
H682-H685, 1984,

Hacker AD, Inhibition of deoxyribonucleic acid
synthesis by difluoromethylornithine. Role of poly-
amine metabolism in monocrotaline-induced pul-
monary hypertension. Biochem Pharmacol 44: 965-
971, 1992,

Olson JW, Altiere RJ and Gillespie MN, Prolonged
activation of rat lung ornithine decarboxylase in
monocrotaline-induced pulmonary hypertension. Bio-
chem Pharmacol 33; 3633-3637, 1984.

Olson JW, Hacker AD, Atkinson JE, Altiere RJ and
Gillespie MN, Polyamine content in rat lung
during development of hypoxia-induced pulmonary
hypertension. Biochem Pharmacol 35: 714-716, 1986.
Fulton RM, Hutchinson EC and Jones AM, Ventricular
weight in cardiac hypertrophy. Br Heart J 14: 413-420,
1952,

Seiler N and Wiechmann M, TLC analysis of amines
as their DANS-derivatives. In: Progress in Thin
Layer Chromatography and Related Methods (Eds.
Niederwieser A and Pataki G), Vol. 1, pp. 94-144.
Ann Arbor-Humphrey Science Publishers, London,
1970.

Baird WM, Sedgwick JA and Boutwell RK, Effects of
phorbol and four diesters of phorbol on the
incorporation of tritiated precursors into DNA, RNA,
and protein in mouse epidermis. Cancer Res 31: 1434
1439, 1971.

Schneider WC, Phosphorus compounds in animal
tissues. 1. Extraction and estimation of desoxypentose
nucleic acid and of pentose nucleic acid. J Biol Chem
161: 293-303, 1945.

Olson JW, Atkinson JE, Hacker AD, Altiere RJ and
Gillespie MN, Suppression of polyamine biosynthesis
prevents monocrotaline-induced pulmonary edema and
arterial medial thickening. Toxicol Appl Pharmacol
81: 91-99, 1985.

Pegg AE and McCann PP, Polyamine metabolism and
function. Am J Physiol 243: C212-C221, 1982.
Russell DH and Lombardini JB, Polyamines: (1)
Enhanced S-adenosyl-L-methionine decarboxylase in

B8P 45:12-1

36.

37

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

49,

50.

5L

52,

2481

rapid growth systems, and (2) The relationships between
polyamine concentrations and RNA accumulation.
Biochim Biophys Acta 240: 273-286, 1971.

Luk GD, Marton LJ and Baylin SB, Ornithine
decarboxylase is important in intestinal mucosal
maturation and recovery from injury in rats. Science
210: 195-198, 1980.

Heby O, Role of polyamines in the control of cell
proliferation and differentiation. Differentiation 19: 1-
20, 1981.

Tabor CW and Tabor H, 1.4-Diaminobutane
{putrescine), spermidine, and spermine. Annu Rev
Biochem 45: 285-306, 1976.

Russell DH, Ornithine decarboxylase as a biological
and pharmacological tool. Pharmacology 20: 117-129,
1980.

Metcalf BW, Bey P, Danzin C, Jung MJ, Casara P
and Vevert JP, Catalytic irreversible inhibition of
mammalian ornithine decarboxylase (E.C. 4.1.1.17)
by substrate and product analogues. J Am Chem Soc
100: 2551-2553, 1978.

Fozard JR and Koch-Weser J, Pharmacological
consequences of inhibition of polyamine biosynthesis
with pL-a-difiuoromethylornithine. Trends Pharmacol
Sci 3: 107-110, 1982.

Orlinska U, Olson JW and Gillespie MN, Polyamine
content in pulmonary arteries from rats with mono-
crotaline-induced pulmonary hypertension. Res Com-
mun Chem Pathol Pharmacol 62: 187-194, 1988.
Olson JW, Orlinska U and Gillespie MN, Polyamine
synthesis blockade in monocrotaline-induced pne-
umotoxicity. Biochem Pharmacol 38: 2903-2910, 1989.
Ganey PE, Fink GD and Roth RA, The effect of
dietary restriction and altered sodium intake on the
cardiopulmonary toxicity of monocrotaline pyrrole.
Toxicol Appl Pharmacol 78 55-62, 1985.

Sens DA, Levine JH and Buse MG, Stimulation of
hepatic and renal ornithine decarboxylase activity by
selected amino acids. Metabolism 32: 787-792, 1983.
McAnulty PA and Williams JPG, Polyamines and their
biosynthetic decarboxylases in various tissues of the
young rat during recovery from undernutrition.
Biochem J 162: 109-121, 1977.

Yanagi S, Campbell HA and Potter VR, Diurnal
variations in activity of four pyridoxal enzymes in rat
liver during metabolic transition from high carbohydrate
to high protein diet. Life Sci 17: 1411-1422, 1975.

. Pilz RB, Steglich C and Scheffler IE, Molecular and

genetic characterization of an ornithine decarboxylase-
deficient Chinese hamster cell line. J Biol Chem 2685:
88808886, 1990.

McCann PP, Pegg AE and Sjoredsma A (Eds.),
Inhibition of Polyamine Metabolism: Biological Sig-
nificance and Basis for New Therapies. Academic Press,
San Diego, 1987.

Luk GD, Essential role of polyamine metabolism in
hepatic regeneration: Inhibition of deoxyribonucleic
acid and protein synthesis and tissue regeneration by
diffuoromethylornithine in the rat. Gastroenterology
90: 1261-1267, 1986.

ByusCVand Wu VS, The level of substrate ornithine can
alter polyamine-dependent DNA synthesis following
phorbolester stimulation of cultured hepatoma cells. J
Cell Physiol 149: 917, 1991.

Wilson DW, Hacker AD and Segall HJ, Cell
proliferation in lungs of monocrotaline-treated rats.
In: Poisonous Plants (Eds. James LF, Keeler RF,
Baley EM, Checke PR and Hagarty MP), pp. 215~
218. lowa State University Press, Ames, A, 1992.



