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Abstract-Spermine, a polycationic amine, produced a dose-dependent inhibition of BHK-21/C13 cell 
growth. This response was not due to the extracellular metabolism of spermine by an amine oxidase 
found in bovine serum, as the toxicity was observed when the cells were grown in medium supplemented 
with horse serum. Three indices were used to monitor cell growth, cell number, protein content and 
13Hlthymidine incorporation into DNA. Spermine (2mM) caused significant reductions in all three 
me&&ements after-a 68 hr exposure. The amine was rapidly taken ;p into the cells reaching levels 
15-16-fold greater than in control cells within 2 hr. There was a rapid loss of intracellular reduced 
glutathionefollowing exposure to toxic concentrations of spermine, which occurred before any effect 
on cell growth. Three methods for the determination of intracellular glutathione content were compared 
in this system. The effect on both cell growth and glutathione was reversible following removal of 
spermine from the extracellular medium. The possible mechanisms involved in this toxic response are 
discussed with particular reference to the depletion in intracellular reduced glutathione. 

The polyamines, spermidine 
[NH2(CH2)3NH(CH2)4NH21 and spermine 
[NH2(CH2)3NH(CH2),NH(CH2)3NH?] and their 
precursor putrescine [NH2(CH2),NI12] occur in all 
mammalian cells and are essential for normal cell 
growth and differentiation [I, 21. Their intracellular 
levels are highly regulated and are found to be 
elevated in rapidly proliferating tissues. However, 
at high concentrations these amines have been shown 
to inhibit growth in a number of different cell lines 
(3-51. These groups reported that the inhibition of 
cell growth was dependent on the activity of an 
amine oxidase which is present in ruminant 
serum. Replacement of calf serum by horse serum, 
which does not contain this enzyme, abolished the 
toxicity of the polyamines. The serum amine oxidase 
acts on spermidine and spermine to produce 
an aminomonoaldehyde [N’-(4-aminobutyl)-amino 
propionaldehyde] or a dialdehyde [WV’-bis-(3- 
propionaldehyde)-1,4_diaminobutane] respectively 
plus NH3 and H202 [6]. These oxidized polyamines 
have been postulated to be responsible for the 
toxicity of the polyamines. 

More recent reports have shown that polyamines 
are also toxic in the absence of ruminant serum (7,8] 
and suggest that oxidation of the polyamines is still 
responsible, but by an enzyme produced by the cells 
themselves. Cells contain an FAD-dependent 
polyamine oxidase which will act on spermidine and 
spermine to produce 3-aminopropionaldehyde and 
H202, although the preferred substrates of this 
enzyme are the acetylated polyamines. 

The tripeptide GSH$ is the most abundant 
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intracellular non-protein thiol and is involved in 
many important cellular functions [9, lo]. One of its 
most widely recognized roles is that of conjugation 
with electrophilic compounds or metabolites. These 
reactions can occur spontaneously or more usually 
are catalysed by a group of isoenzymes called 
the glutathione-S-transferases. The conjugates are 
typically excreted in the urine as mercapturic acids 
[ll]. Thus, conjugation with GSH can both detoxify 
and enhance excretion of reactive compounds. 

GSH also plays a vital role in the maintenance of 
the intracellular redox state, by removal of H202, 
formed either as a normal cellular metabolite or, in 
excess, by the redox cycling of exogenous compounds, 
e.g. quinones [12]. Both these processes can lead to 
a depletion of intracellular GSH stores which is 
extremely detrimental to cellular integrity and is 
seen as a prerequisite for toxicity following exposure 
to certain compounds such as paracetamol [13]. 

In this paper we have examined the toxicity of 
spermine in a baby hamster kidney fibroblast cell 
line (BHK-21/C13) grown in the absence of ruminant 
serum, to investigate in more detail the intracellular 
events involved in the toxic response and, in 
particular, we have examined the role of intracellular 
GSH. 

MATERIALS AND METHODS 

Chemicals. [3H]Thymidine was obtained from 
Amersham International (Amersham, U.K.). 
Spermine tetrahydrochloride, reduced glutathione 
(GSH), oxidized glutathione (GSSG), glutathione 
reductase, NADH, NADPH, 2,4-dinitrofluo- 
robenzene, iodoacetic acid, pyruvic acid, Triton 
X-100 and Trypan Blue were obtained from 
the Sigma Chemical Co. (Poole, Dorset, U.K.). 
o-Phthaldialdehyde was obtained from Fluka 
BioChemika (Buchs, Switzerland). 

Cell culture. BHK-21/C13 cells were routinely 
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grown in monolayer culture in Dulbecco’s medium 
supplemented with 10% (v/v) horse serum (DH,,,) 
in a humidified atmosphere of 5% C02-95% air at 
37”. For experiments. the cells were seeded at a 
density of 1.6 x 104/cm” on 9cm diameter plastic 
plates and grown for 16 hr before exposure to 
spermine for up to 24 hr. At the required times the 
<ells were harvested mechanically, using a ‘rubber 
policeman’, and polyamines and glutathione were 
extracted into 0.2 M HCIO, at 4” for 10 min and 
stored at -20” prior to analysis. The celI pellet 
was resuspended in 0.3 M NaOH for protein 
determination. Polyamines were extracted from 
aliquots of medium in the same way. In the recovery 
experiments, the cells were exposed to spermine as 
before for a 12 hr period. The medium was then 
removed and the cell sheet washed twice with 
warmed medium containing no serum before addition 
of spermine-free DHlo. The control cells were 
treated in the same way. 

Measurement of cell growth. Cell growth was 
determined by (a) change in cell number, (b) 
change in protein content and (c) 13H]thymidine 
incorporation into acid-insofuble material. Cells 
were counted with a Neubauer improved haemo- 
cytometer in 0.1% Trypan Blue. Viability was 
assessed by both dye exclusion and lactate 
dehydrogenase leakage into the medium [ 141. Protein 
content was determined by the method of Lowry et 
al. [ 151. [3H]Thymidine incorporation was measured 
by addition of the isotope (2.5 &i/plate) to the 
cultures at 16 hr and harvesting the cells as before. 
The radioactivity in the acid-insoluble fraction was 
determined and the results expressed per mg protein. 

Measurement of polyamines. Polyamines were 
measured by a modification of the high performance 
liquid chromatography (HPLC) method of Seiler 
and Knodgen [16] as described previousiy [17]. 

~~~~r~rne~~ of gf~tath~u~e. GIutathiotle levels 
were determined by three methods. (i) GSH was 
measured by derivatization with o-phthafdialdehyde 
[IS]; (ii) GSH and GSSG contents were distinguished 
using the HPLC method of Reed et al. 1191; (iii) the 
enzymatic cycling method of Tietze [ZO], which 
measures total glutathione content, was also 
employed. 

Statistical analysis. Non-paired Student’s t-test and 
ANOVA with Dunnett’s test were carried out to 
compare treatment groups with control values as 
indicated. 

RESULTS 

Measurement of BHK-E/C13 cell growth in 
spermine-treated ceils 

Spermine produced a dose-dependent inhibition 
of cell growth following a 24 hr exposure, with 
concentrations of 0.5 mM or less having no effect 
on cell growth (Fig. 1). High concentrations of 
spermine caused a loss in celf viability as determined 
by both dye exclusion and lactate dehydrogenase 
leakage (Table 1). The use of enzyme leakage into 
the medium as a measure of cell viability was a more 
sensitive index than dye exclusion, Concentrations 
of spermine which reduced cell growth by as much 
as 70% had no effect on cell viability. 
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Fig. 1. Effect of a range of spermine concentrations on 
BHK-21fC13 cell growth. Celfs were grown as described 
in Materials and Methods in the presence of a range of 
spermine concentrations and harvested after a 24 hr 
exposure. Values are mean t SD (N = 6). **P < 0.01 were 
significantly different from untreated cells as determined 

by ANOVA. 

Table 1. Effect of spermine on BHK-21/C13 cell viability 

[Spermine] 
added 
(mM) 

Viable cells 
(% of total) 

Trypan Blue LDH 
exclusion leakage 

0 99.90 r+ I .04 89.59 2 7.54 
0.5 99.40 i 3.15 87.37 + 3.33 
1.0 99.13 t 5.41 85.75 + 5.71 
1.5 97.96 t 5.36 80.38 ? 4.80 
2.0 87.50 5 4.81 53.22 ‘- 3.00 

BHK cells were grown in the presence of a range of 
spermine concentrations for a period of 24 hr. The viability 
was then determined using Trypan Blue exclusion and 
lactate dehydrogenase leakage and the results expressed 
as the number of viable cells as a percentage of the total. 
Values are mean It SD (N = 6). 

From these initial findings two concentrations of 
spermine were chosen for a more detailed analysis 
of this response. Figure 2 shows the effect of 
spermine on BHK cell growth over a 24 hr exposure, 
using three indices of cell growth: cell number (Fig. 
2a), protein content (Fig. 2b) and DNA synthesis 
(Fig. 2~). Spermine (2 mM) caused a rapid reduction 
in celi growth after an 8 hr exposure. as determined 
by all three methods. When cell number was used 
as an index of ceil growth, this effect became 
significant 2 hr earlier than with the other two 
indices. Spermine (1 mM) caused about a 50% 
reduction in cell number and protein content after 
a 24 hr exposure, but had no significant effect on 
DNA synthesis over this period. 

When cells were exposed to 2 mM spermine for 
12 hr and then transferred to spermine-free medium, 
their growth rate increased (Fig. 3). Sixty hours after 
the removal of spermine the cell number and protein 
content had reached approximately 40% of control 
values, whereas there was a greater than 9.5% 
inhibition of cell growth in the presence of spermine 
at this time. Control cells had by this time reached 
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Fig. 2. Effect of spermine on BHK-21/C13 cell growth 
expressed as cell number (a), protein content (b) and DNA 
synthesis (c)~ (e) Control; (m) 1 mM spermine; (A) 2 mM 
spermine. Celfs were grown as described in Materials and 
Methods. Values are mean C SD (N = 3). *P < 0.05, 
**P < 0.01 values were significantly different from control 

using ANOVA. 

confluence and their growth rate was therefore low. 
The pattern of DNA synthesis in these cefls was 
different. Following the removai of spermine there 
was a marked increase in DNA synthesis (Fig. 
3~). In control cells approaching confluence the 
incorporation of 13H]thymidine fell to levels which 
were similar to spermine-treated cells. 

Measurement of polyamines in spermine-treated cells 

Treatment of BHK cells with spermine caused a 
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Fig. 3. Recovery of BHK-21/C13 cells following exposure 
to spermine. BHK cells were exposed to 2 mM spermine 
for 12 hr after which the spermine was removed from the 
extracellular medium. Cell growth was monitored by cell 
number (a), protein content (b) and DNA synthesis (c). 
(0) Control; (A) continuous exposure to 2 mM spermine; 
(A) 12 hr exposure to 2 mM spermine. Values are 

mean C SD (N = 3). 

rapid uptake of the amine into the cells which 
resulted in marked changes in the intraceiiular 
poIyamine profile (Table 2). There were no 
detectable levels of putrescine in spermine-treated 
cells and the spermidine levels were also significantly 
reduced. However, the total polyamine content of 
these cells was markedly increased due to the high 
levels of spermine accumulated. After a 24 hr 
exposure the total poiyamine content of 2 mM 
spermine-treated cells was 4.3-fold greater than 
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Table 2. Effect of spermine on the polyamine profile of BHK-21/C13 cells 

Intracellular polyamine content 
[Spermine] (nmol/mg protein) 

Exposure time added 
(hrf (mM) Putrescine Spermidine Spcrminr Total 

- -__ 
2 0.73 +- 0.01 7.46 L 0.61 3.23 t 0.31 II.42 t 0.92 

I ND 0.96 I!? 0.71=* 26.19 t 4.62** 27. I6 -t 4.83** 
2 ND 3.77 k o.& 50.77 f 7.33** 54.54 c 7.8.5** 

4 0.64 t 0.02 6.37 + 054 2.90 2 0.28 9.90 r 0.81 
1 ND 3.56 -!z 0.X 37.06 t 0.77** 40.62 i 1 .oO** 
2 ND 4.Yh t 0.09 62.57 t x.07** 69.51 L 9.05** 

6 - 0.73 2 0.03 9.31 f 0.89 4.43 r 0.81 14.47 t 1.69 
1 ND 3.61 2 1.03** 44.Y4 + 7.38** 47.55 t 8.41** 
2 ND 2.0(, + 0.29** 65.20 -i- 9.81** 67.27 t Y.90** 

8 - 0.99 I 0.01 9.30 t 1.13 6.21 ? 0.53 16.50 2 2.46 
1 ND I .64 -+ 0.33** 34.39 + h,05** 36.03 t 6.38** 
2 ND 2.53 t 0.X** 69.81 i 7. i2** 72.34 t ?.47** 

I2 - 0.73 r 0.09 Il.39 i 0.71 5.YY i 0.43 18.11) rt 1.22 
1 ND 1.46 t 0.08** 38.68 ‘-e i.ht** 40. I4 ?- 1.5x** 
2 ND 2.17 +- 0.50** 74.OY r 5.06*” 76.26 + 5.55** 

24 - 0.77 t 0.08 12.03 t 0.83 7.43 + 0.54 20.24 z!z I .34 
1 ND 2 33 It 

3:oj 2 
0 1x** 

2 ND 0:57** 
44.36 2 3.58** 46.68 .k 3.76*’ 
83.Y7 r ti.12** 88.02 rt 8.65** 

BHK cells were grown in the presence of sperminc for a period of 24 hr. The intracellular polyamine 
content of the cells was determined at various intervals in this period. Values are mean 2 SD (N = 3). 

* P < 0.05, **P < 0.01 were significantly different f:om control values using ANOVA. 
ND, not determined. 

Table 3. Changes in intracellular polyamines following removal of spermine from the extracellular 
medium 

Time after 
removal of 
spermine 

(hr) 

[Spermine] 
added 
(mM) Putrescine 

I~tracellnlar polyamine content 
(nmol/mg protein) 

Spermidine Spermine Total 

0 - 1 .so 2 0.22 10.06 L I.19 4.87 t 0.39 16.42 t 1.77 
2 ND 1.08 -fi o.oI)** 75.16 rL 4.89** 79.25 t 1.98** 

12 - 2.21 -t 0.05 12.33 I 0.46 4.15 t 1.59 18.39 t 2.44 
2 ND 1 33 + 

9:07 I 
0.20** 15.84 i 1.76** 17.17 z!z 1.82 

24 - 1.56 + if.19 0. I6 3.55 + l.U2 14.18 rt 0.88 
2 ND I.34 z!z 0.13** 6.85 z!z 0.49* 8.19 ;t 0.62* 

36 - 0.67 3- 0.06 IO.87 -f 0.x3 7.80 It I .55 19.39 2 1.99 
2 0.41 k 0.02 2.96 +- 0.43** 13.48 + 0.88 16.85 ” 1.22 

60 - ND 3.30 ” 0.46 x.42 It I.17 Il.72 ?r 1.37 
2 0.55 i 0.17 5.26 I 1.13* 19.46 r 2.31** 25.27 + 2.92** 

BHK cells were exposed to 2 mM spermine for 12 hr after which it was removed from the extracellular 
medium. Thereafter the intracellular polyamine content of these cells was determined for a further 
60 hr. Values are mean 2 SD (N = 3). 

* P < 0.05, ** P < 0.01 were significantly different from control values using a non-paired Student’s 
f-test. 

ND, not determined 

control cells and 2.3-fold greater in 1 mM spermine- 
treated cells. No acetyl polyamine derivatives were 
detected in the cells. 

Whenspermine was removed from theextracellular 
medium, there was a rapid loss of spermine from 
the cells, with the intracellular content falling from 
75.16 t 4.89 to 15.84 L 1.76 nmol/mg protein in the 
first 12 hr (Table 3). After a further 24 hr period 
putrescine was detected in these cells and there was 
a significant secondary increase in the spermine 
content. In control cells, as the cells approached 
confluence, their intracellular polyamine content 
decreased and putrescine levels fell below the limit 
of detection. 

The excretion of polyamines into the extracellular 
medium following removal of spermine is shown in 
Table 4. In control cells the major excretory product 
was putrescine, with low levels of spermidine and 
N ‘-acetylspermidine also being excreted. As these 
ceils reached confluence, they also excreted 
spermine, with the total excretion of poiyamines 
being 17-fold greater than from exponentiaIly 
growing ceils. 

In spermine-treated cells we saw a rapid loss in 
the intracellular spermine content when the amine 
was removed from the extracellular medium (Table 
3). The main excretory product from these cells was 
initially sperminc but significant amounts of 
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Table 4. Excretion of polyamines from BHK-21/C13 cells following removal of spermine from the 
extracellular medium 

Extracclluiar polyamine content 
Time after (nmol/mL medium) 
removal of [Spermine] 
spermine added N’-Acetyl 

(hr) (mM) Putrescine Spermidine spermidine Spermine Total 

12 - 0.12 + 0.01 ND 0.01 5 0.00 ND 0.13 k 0.01 
2 ND 0.20 ?I 0.04 0.01 2 0.00 0.50 r 0.13 0.71 rt 0.13* 

24 - 0.60 rt 0.03 0.03 ‘- 0.01 0.02 i 0.01 ND 0.44 L 0.04 
2 0.05 + 0.01** 0.43 -+ 0.09* 0.01 + 0.00 0.43 ? 0.06 0.92 + 0.07 

36 - 1.21 ir 0.09 0.15 i- 0.03 0.02 i_ 0.01 ND 1.38 kO.12 
2 0.13 j, 0.01** 0.63 2 0.08** ND 0.15 -t 0.04 0.90 t 0.12* 

60 
-Y 

1.78 2 0.33 0.03 t 0.01 0.08 + 0.01 0.33 + 0.07 2.22 k 0.56 
0.80 t 0.22* 0.77 5 0.03” 0.02 + 0.01 0.14 k 0.09 1.73 r 0.19* 

BHK cells were exposed to 2 mM spermine for 12 hr after which it was removed from the extracellular 
medium. Thereafter the polyamine content of the extracellular medium was determined for a further 60 hr. 
Values are mean L SD (N = 3). 

* P < 0.05, ** P < 0.01 were significantly different from control values using a non-paired Student’s t- 
test. 

ND, not determined. 

spermidine were also detected in the medium (Table 
4). The total polyamine excretion from treated cells 
in the first 36 hr was greater than from control cells, 
but as the growth of the control cells decreased so 
their excretion of polyamines increased. 

Measurement of glutathione in spermine-treated cells 

Three methods were used to measure the 
glutathione content of BHK cells (Fig. 4). The 
~uorometric method of Hissin and Hilf [ 181, which 
uses o-phthaldialdehyde as a fluorophore, gave an 
underestimate of the GSH content of the spermine- 
treated cells as the intracellular levels of spermine 
increased. The separation of the dinitrophenol 
derivatives of the thiols by HPLC was used to 
distinguish between the reduced and oxidized forms 
of glutathione. There were only low levels of the 
disulphide in the cells, accounting for less than 10% 
of the total glutathione pool (0.27 -+ 0.03 and 
0.67 -t 0.07 nmol/mg protein in 2 mM spermine- 
treated and control cells respectively). Spermine 
treatment did not after the ratio of reduced to 
oxidized g[utathione. 

The enzymatic cycling method of Tietze was used 
to confirm the results obtained by HPLC. This 
method measures total glutathione. Spermine (up to 
2mM) did not interfere with the activity of the 
enzyme glutathione reductase used in this assay. 
Spermine (2 mM) caused a decrease in intracellular 
GSH levels, which was significant after a 2 hr 
exposure. This preceded any effect on cell growth. 
Spermine (1 mM) caused a small but significant fall 
in GSH initially, but by 24 hr it had risen significantly 
above control values. To enable us to distinguish 
between GSH and GSSG we chose the HPLC 
method for further studies. 

Figure 5 shows the GSH levels in cells that are 
recovering after a 12 hr exposure to 2 mM spermine. 
There was a rapid recovery of GSH to control values 
in the first 12 hr. These intracellular levels were 
maintained, while in control cells the levels of GSH 
fell as the cells approached confluence. The GSH 
content remained low in the continuous presence of 
spermine. 

DISCUSSION 

We have shown that spermine-induced toxicity in 
BHK cells does not require the presence of ruminant 
serum but may result from the loss of intracellular 
GSH. Since this loss occurred before any significant 
effect on cell growth it may be that the toxicity is 
dependent on the prior loss of the cytoprotective 
role of GSH. Henle ef at. [Zl] have demonstrated 
that when CHO cells were depleted of their 
glutathione stores using buthionine sulphoximine, 
they were more susceptible to spermidine-induced 
DNA strand breaks. This suggests that glutathione 
plays a definite role in the mechanisms involved in 
polyamine toxicity and that the depletion of 
g~utathione does not occur only as a consequence of 
the toxic response. 

There are two possible explanations for the 
depletion of intracellular GSH in spermine-treated 
cells: (i) conjugation or (ii) spermine-induced 
oxidative stress. 

(i) The aminoaldehydes produced in the oxidation 
reactions of poiyamines described earlier may 
conjugate with GSH resulting in their detoxification 
and enhanced excretion. Formation of such glu- 
tathione adducts in spermine-treated cells would 
result in a loss of glutathione from the cells. 
Polyamine-glutathione conjugates have been iso- 
lated from both E. coli [22] and trypanosomes [23], 
but as yet no such compounds have been identified 
in mammaIian cells. 

(ii) Some workers favour the theory that polyamine 
toxicity is due to oxidative stress within the cells. 
This would lead to a loss of glutathione in its oxidized 
form as the reducing equivalents in the glutathione 
redox cycle become exhausted. However, Gaugas 
and Dewey 1241 showed that catalase, the enzyme 
involved in the removal of H202, was unable to 
prevent spermine-induced arrest of lymphocyte 
proliferation and that there was no evidence for the 
involvement of oxygen radicals in this response. We 
have also shown that inhibition of catalase or 
glutathione reductase had no effect on the toxicity 
of spermine in BHK cells (Brunton VG, Grant 
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Fig. 4. Effect of spermine on the glutathione content of 
BHK-21/C13 cells. Reduced glutathione was measured by 
the method of Hissin and Hilf [18] (a) and by HPLC [19] 
(b). Ttitai glutathione was determined by the method of 
Tie&e [20) (c). (0) Control: (m) 1 mM spermine; (A) 
2 mM spermine. Values are mean 5 SD (N = 3). *P < 0.05, 
**P < 0.01 values were significantly different from control 

using ANOVA. 

MH and Wallace HM, unpublished observation) 
suggesting that over-production of HZOZ does not 
play a significant role in spermine toxicity in this 
model. 

When measuring GSH by derivatization with 
o-phthaldialdehyde, the high intracellular spermine 
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Fig. 5. Recovery of glutathione levels in BHK-21/C13 cells 
following exposure to spermine. BHK cells were exposed 
to 2 mM spermine for 12 hr after which the spermine was 
removed from the extracellular medium. The GSH was 
measured by HPLC [19]. (0) Control; (A) continuous 
exposure to 2 mM spermine; (A) 12 hr exposure to 2 mM 

spermine. Values are mean 2 SD (N = 3). 

levels were found to interfere with the assay. 
Spermine competed with the thiol for the binding 
sites on the o-phthaldialdehyde molecule and 
therefore gave an underestimate of the GSH content 
of spermine-treated cells. Glutathione can also be 
quantified by the HPLC method of Reed et al. [19], 
which measures the dinitrophenol derivatives of 
glutathione. Dinitrofluorobenzene is used in the 
derivatization process. Amines are known to bind 
to this compound; however, dinitrofluorobenzene is 
present in such excess that we found that there was 
no interference with the derivatization of the thiol 
groups. 

Using all three indices of cell growth, we showed 
that the inhibition of cell growth was reversible (Fig. 
3). Longer exposure of BHK cells to polyamines 
causes the cells to round up and detach from the 
culture dishes. This is an irreversible process [25]. 
The reversibility of polyamine-induced growth 
inhibition has been reported previously [21.26,27], 
although again the length of exposure to the 
polyamines appears to be critical, with longer 
exposure times and high polyamine concentrations 
resulting in an irreversible effect. After removal of 
spermine from the extracellular medium, there was 
a rapid recovery of GSH (Fig. 5) in the first 12 hr, 
presumably due to its resynthesis. GSH exerts a 
negative feedback inhibition on its own synthesis 
1281. In spermine-treated cells this inhibition will be 
absent. A rapid resynthesis of GSH in these cells 
would therefore be expected when the spermine was 
removed. In control cells the GSH content fell as 
the cells reached confluence. This has been 
demonstrated in other cell lines and may render the 
cells more susceptible to toxic insult [29]. In BHK 
cells, however, confluent cultures are more resistant 
to spermine than cells in exponential growth 1301. 

Addition of spermine to the extracellular medium 
resulted in its rapid accumulation within the cells 
(Table 2). Such high intracellular levels of spermine 
had marked effects on the polyamine profile of the 
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cells. Ornithine decarboxylase and S-adeno- 
sylmethionine decarboxylase, two of the polyamine 
biosynthetic enzymes, are subject to negative 
feedback regulation by high levels of spermine [31]. 
This would lead to a decrease in intracellular 
putrescine and spermidine and would explain the 
fall in these two amines seen in spermine-treated 
cells. 

containing horse serum on exposure to spermine 
and the possibility of the formation of a dioxidized 
spermine-glutathione conjugate. 

The excretion of polyamines from cells is closely 
regulated by the growth status of the cells [32]. In 
rapidly growing cells excretion is low and the rate 
of polyamine biosynthesis high, whereas in cells 
approaching confluence the converse is true. This 
explains the changes in polyamine levels seen in cells 
which are recovering after exposure to spermine. 
After the removal of spermine from the extracellular 
medium polyamine excretion was high as the excess 
spermine was removed from the cell. As the growth 
of these cells increased so their rate of excretion 
fell. Conversely, in control cultures approaching 
confluence the excretion was high. 

Further evidence that polyamine biosynthesis and 
excretion are highly regulated by the growth status 
of the cells was the detection of putrescine in cells 
recovering from prior exposure to spermine (Table 
3). As the intracellular spermine levels fall so 
the negative feedback inhibition of ornithine 
decarboxylase, the rate-limiting enzyme in polyamine 
biosynthesis, will be removed, allowing the resyn- 
thesis of putrescine. N ‘-Acetylspermidine was one 
of the excretory products of both control cells and 
those which were previously exposed to spermine. 
This has been identified previously as one of the 
excretory products of BHK cells [33]. Acetyl 
polyamines were not detected in the cells so their 
presence in the medium supports the link between 
acetylation and polyamine excretion [34], and 
acetylation may enhance or indeed be a prerequisite 
for the removal of excess polyamines from cells. 

The levels of polyamines measured in the 
extracellular medium do not account entirely for the 
fall in intracellular polyamine content. However, 
some loss of spermine would be expected during the 
two wash periods before excretion measurements 
began. 

The moiety directly responsible for polyamine- 
induced toxicity has not been identified. As indicated 
earlier it appears unlikely that the toxicity is due to 
the over-production of reactive oxygen species. 
Another possibility is that acrolein, which is 
formed by the spontaneous breakdown of the 
aminoaldehydes, may be responsible for the toxicity 
observed. However, we have shown that only very 
high concentrations of spermine cause any loss in 
cell viability. This is in agreement with a previous 
paper which reports that there is no loss in viability 
following spermine treatment, whereas it is known 
that low concentrations of acrolein cause marked 
reductions in cell viability [27], suggesting that 
acrolein production does not account for the toxicity 
seen on exposure to polyamines. However, a study 
of the oxidative metabolism of spermine in BHK 
cells must be carried out before this possibility can 
be disregarded. 

Our work is currently focusing on the role of the 
aminoaldehydes produced in cells grown in medium 
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