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ABSTRACT 

To determine the structure(s) of the spermidine conjugate 

excreted into urine, extensive pharmacokinetic studies on the turnover 

14 of [ C]spermidine were conducted in both rats and humans. These 

14 studies demonstrated that exogenously administered [ C]spermidine 

equilibrated with endogenous polyamine pools. Radiolabeled urine 

collected from the humans was subjected to a cleanup protocol and 

subsequent analysis by GC-MS, which demonstrated the presence of 

N-acetylspermidine. Further analysis of the radiolabeled urine by thin 

1 layer chromatography (TLC) demonstrated the presence of both N -and 

B N -acetylspermidine in an approximate 1 to 1 ratio. Using similar 

methodologies the monoacetyl derivatives of putrescine and cadaverine 

were found to be the primary conjugated products of these polyamines 

excreted into human urine. 

Radiolabeled rat tissue extracts, analyzed by TLC, demonstrated 

that all tissues studied contained [ 14C] N1_ and NB-acetylspermidine. 

1 N -acetylspermidine was the primary isomer detected in all tissues; 

B although, N -acetylspermidine was detected in all tissues studied. The 

N-acetylspermidine content of an isolated cell system was determined in 

Chinese hamster ovary cells. These cells contained both N1_ and 

B N -acetylspermidine in an approximate 2 to 1 ratio. 

To directly measure the N-aeetylpolyamines excreted into urine, 

two high performance liquid chromatography (HPLC) methods were 

x 



developed. Both HPLC methods utilize a cation exchange resin, one 

using high pH, lmv salt buffers and the other 1mV' pH and high salt 

buffers. The primary N-acetylpolyamine excreted into human urine is 

1 8 N-acetylputrescine with lesser amounts of N - and N -acetylspermidine 

which exist in a 1 to 1 ratio. In contrast, cancer patients excreted 

1 elevated amounts of both N-acetylputrescine and N -acetylspermidine. 

xi 

Cystic fibrosis patients were also found to excrete elevated amounts of 

1 1 N -acetylspermidine resulting in a consistently elevated N - to 

8 N -acetylspermidine ratio. 

Mice injected with P-388 leukemia tumor excreted elevated 

1 amounts of N-acetylputrescine, N -acetylspermidine and 

8 N -acetylspermidine. In contrast, the excretion of the unconjugated 

polyamines putrescine and spermidine in these animals was decreased, 

suggesting that the altered polyamine excretion was not primarily due 

to the presence of the tumor. Administration of Adriamycin to the 

1 tumor bearing animals resulted in the elevation of N -acetylspermidine 

excretion which was proportional to the relative tumor burden. Similar 

results were obtained from 2 human leukemia patients studied following 

chemotherapy. 



INTRODUCTION 

As the cause of death fr.om other diseases decreases, the rate 

of deaths attributable to cancer is on the increase. The age-adjusted 

cancer rate per 1,000 population ~'1aS 139.7 in 1950, 139.8 in 1960, 144 

in 1970 and 146.0 in 1973-74 (1). This year over 400,000 people in 

this country will die as a result of cancer, and it is predicted by the 

year 2000 the number of cancer deaths will increase to 510,000 (2). A 

child born this year has a better than 1 in 4 chance of contracting 

cancer and a 1 in 6 chance of eventually dying as a result of cancer 

(1). The economic losses secondary to cancer are also large. In a 

1977 study conducted by the National Center for Health Statistics, it 

was estimated that over $5.5 billion were expended for hospital and 

physicians' services provided to cancer patients. In addition, cancer 

morbidity resulted in the loss of 1.8 million work years and $18.5 

billion in lost earnings (3). Due to the tremendous impact of cancer 

on this society, the government has spent billions of dollars on fun

damental research in an attempt to define and eventually control 

cancer. As the statistics in the beginning of this paragraph suggest, 

this effort has not led to a great deal of success. 

Organized efforts to control cancer in this country can be 

traced to the year 1913 when the American Society for the Control of 

Cancer was founded. The slogan they adopted, "Early Cancer Can Be 

Cured," was not based upon the ability to cure cancer but an attempt to 

1 
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organize the existing knmvledge and techniques in the prevention, early 

detection and treatment of cancer (4). These specific aims remain the 

cornerstone of current cancer research. 

Great strides have been made in the prevention and treatment of 

cancer. Many environmental and chemical carcinogens have been iden

tified and certain cancers can be considered "curable" (5). However, 

as stated before, the true incidence of cancer continues to increase. 

The objective of preventing and/or treating cancer may require many 

further years of fundamental, molecular research before it can be 

reached. At the current level of knowledge about cancer, perhaps the 

best method of saving, or at least prolonging life, is by detection of 

early disease. Many advances have been made in the early diagnosis of 

cancer and are exemplified by advances in exfoliative cytology, 

radiographic detection techniques and endoscopic exam (6). The classic 

example of the effect early cancer diagnosis can have is the effect the 

Pap test has had on the mortality rate from cervical cancer (7,8). In 

1950-51, the annual mortality rate from cervical cancer was 9.6/ 

100,000 population. Following the introduction of the Pap test in the 

1950s, the incidence of mortality from cervical cancer has continually 

declined to a rate in 1970-71 of 5.0/100,000 population. Many now feel 

because of the Pap test, mortality from cervical cancer may eventually 

be reduced to negligible proportions, if not eliminated totally. In 

this case, the diagnosis of cancer can be made before the malignancy 

becomes invasive, allowing a cure. In many instances, by the time the 



cancer becomes evident, it is widespread and very difficult to manage. 

Thus, more sensitive tests for the presence of cancer are needed. 

3 

In the last few years, many biochemical and immunological 

tests for cancer have been developed. These "biological marlters" have 

been developed in an attempt to: 1) screen large portions of the popu

lation for the presence of cancer, 2) aid in the differential diagnosis 

of cancer, and 3) follow the clinical course of patients with cancer 

(6). None of the currently available biological markers are useful in 

all three areas. As an example, of the markers that are currently 

available, human chorionic gonadotropin (heG) as a marker for 

choriocarcinoma is the closest to fulfilling the three aims of an ideal 

biological marker of cancer (9). Elevated levels of heG are indicative 

of the presence of choriocarcinoma, and concentrations decrease in 

relation to successful therapy. Recurrence of disease is accompanied 

by an increase in heG. Therefore, heG is an excellent marker of 

choriocarcinoma which can be followed in the treatment of the cancer. 

As a method of cancer detection, heG is not useful because it is not 

only detected in elevated concentrations in choriocarcinoma but also in 

pregnant women, patients with ulcerative collitis and other non

malignant disease states. Additionally, by the time heG is detected in 

elevated amounts, a large tumor burden exists and metastasies from the 

primary site have probably already occurred. 

heG is, therefore, typical of the other currently available 

cancer markers in that it is useful in following the response of the 

cancer to treatment, but is not sufficiently sensitive or specific for 

use in screening for the cancer. 
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The first reports of Tatarinov, Abelev and co-workers con

cerning the appearance of alpha feto-protein in the serum of patients 

with hepatocellular carcinoma (10,11), and the demonstration by Gold 

and Freedman of the presence of c~~~inogenic embryonic antigen (CEA) in 

patients with colon cancer (12) have been stimuli in the search for 

specific indicators of malignant disease. Biochemical markers of 

cancer are currently in vogue. Various antigens, hormones, enzymes and 

other metabolic products have been used in following the course of 

various types of cancer. One group of metabolic products which have 

been well studied in various types of cancer are the polyamines 

putrescine, spermidine and spermine (13). In 1971, Russell reported 

that patients with diagnosed metabolic cancer excreted elevated con

centrations of all three polyamines and that in one patient, the 

excision of a large solid tumor returned polyamine urinary excretion to 

near normal values (14). 

Polyamines 

The polyamines are low molecular weight, aliphatic compounds, 

containing multiple amine groups. This description would include 

hundreds of compounds in cellular tissues, but the polyamines are uni

que in that they contain only two primary amine groups. The principle 

polyamines found in vivo include the diamines putrescine and cadaverine 

and the polyamines sp~~idine and spermine (Fig. 1). At physiological 

pH, the primary and secondary amine groups are mostly protonated, so 

that the net charge of the diamines is 2+, while for the polyamines 

spermidine and spermine, the net charge is slightly less than 3+ and 4+ 



NH2-CH2-CH2-CH2-CH2-NH2 

Putrescine M.W. 88 

NH2-CH2-CH2-CH2-CH2-CH2-NH2 

Cadaverine M.W. 102 

NH2-CH2-CH2-CH2-NH-CH2-CH2-CH2-CH2-NH2 

Spermidine M.W. 145 

NH2-CH2-CH2-CH2-NH-CH2-CH2-CH2-CH2-NH-CH2-CH2-CR2-NH2 

Spermine M.W. 202 

Figure 1 

The Structures of the Primary Polyamines 

5 



respectively (15). The polyamines are strongly basic compounds with 

the terminal pKa of the primary amine group of putrescine >10.5. Due 

to the intramolecular interaction of the primary and secondary amine 

groups, the pKa of the terminal amine of spermine is slightly higher 

than that of putrescine (15). Therefore, polyamines have a high 

affinity for negatively charged groups and ionically bind to many bio

molecules. All cells which have functioning nuclei contain the 

polyamines and the biosynthetic enzymes to produce these compounds 

(17-23). 

Polyamine Biosynthesis 

In mammalian tissues there are four linked enzyme systems 

located in the cell cytosol which produce the polyamines (24-30) 

6 

(Fig. 2). The production of polyamines in bacteria and higher plants 

contain the same biosynthetic pathways found in mammalian tissues; 

however, in stressed bacteria, alternate pathways for polyamine 

biosynthesis can be demonstrated (25-27). These enzymes form the 

polyamines from two amino acids ornithine and methionine, which are 

available to mammalian tissues from dietary sources. The major source 

of endogenous ornithine is probably derived from the hydrolytic 

cleavage of arginine by the enzyme arginase (31-33). Arginase, an 

important enzyme in the detoxification of ammonia, can also be found in 

tissues lacking a complete urea cycle (31-33). Methionine is an essen

tial amino acid in humans and is therefore only available from dietary 

sources. Before methionine can participate in polyamine biosynthesis 

it must be converted into S-adenosyl-L-methionine (AdoMet) by the 
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Fig. 2. Polyamine Biosynthetic Pathway 



enzyme methionine adenosyltransferase, which requires ATP for activity 

(34). In addition to polyamine biosynthesis, AdoMet also participates 

in at least 100 known transmethylation reactions in the liver (35). 

Decarboxylation of AdoMet by S-adenosylmethionine decarboxylase 

(AdoMetDC) results in the formation of decarboxylated AdoMet which is 

utilized only in the polyamine biosynthetic pathways. 

Adenosylmethionine decarboxylase 

8 

The activity of S-adenosylmethionine decarboxylase is a major 

controlling step in the production of the higher polyamines spermidine 

and spermine from putrescine and will be covered here in some detail 

because of its importance in the polyamine biosynthetic pathway. The 

decarboxylation of AdoMet by AdoMetDC to form dcAdoMet and the demon

stration that this compound donated an aminopropyl group to spermidine 

was first shown in E. coli (34). This enzyme has now been demonstrated 

in many types of prokaryotic and eukaryotic cells. In every instance, 

the adenosylmethionine decarboxylases have been shown to contain co

valently bound pyruvate which serves as a prosthetic group (36-38). 

(This is an interesting finding, for most cellular enzymatic de car

boxylases use pyridoxal phosphate as a prothesthic group.) The enzyme 

is strongly activated in mammalian tissues by putrescine (38). In 

contrast, the enzyme isolated from E. coli is specifically activated by 

Mg2+ but not by putrescine or any other low molecular weight amines 

(39). The mammalian adenosylmethionine decarboxylase is strongly inhi

bited by its reaction product dcAdoMet and by the products of dcAdoMet, 

spermidine and spermine (40-42). The enzyme has been purified to 
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homogenity from a number of prokaryotic and eukaryotic tissues. The 

adenosylmethionine decarboxylase from E. coli has an apparent molecular 

weight (M.W.) of 113,000 and is made up of multiple 15,000 molecular 

weight subunits (39). The mammalian enzyme also forms aggregates, with 

the liver enzyme (M.W. 70,000) made up of 33,000 M.W. subunits (36). 

Besides being regulated by putrescine, adenosylmethionine 

decarboxylases are probably controlled at the level of enzyme trans

cription or translation. The enzyme has a very short half-life of 40 

minutes, similar to the first enzyme in the polyamine biosynthetic 

pathway, ornithine decarboxylase (ODC) (36,46). Even though ODC and 

AdoMetDC have similar half-lives and occasionally rise concoordinately 

in tissues responding to certain hormones (e.g. during androgen-induced 

rat prostate growth) (44,45), large increases in ODC in many stimulated 

tissues are often not accompanied by any pronounced elevation in 

AdoMetDC. However, the mechanisms which control the transcription and 

translation of AdoMetDC may be similar to those controlling ODC, which 

will be covered in greater detail later in this discussion. 

Ornithine Decarboxylase 

The first enzyme in the polyamine biosynthetic pathway is the 

enzyme ornithine decarboxylase (ODC). ODC catalyses the decar

boxylation of ornithine forming the diamine putrescine. ODC has been 

demonstrated in many different prokaryotic and mammalian organisms 

(25-27). In E. coli, the function of ODC is not only to provide 

putrescine for the polyamine pathway but also to regulate the pH of the 

environment (46). The biosynthetic ODC, which participates in 



polyamine formation, and the biodegrative ODC, which dccarboxylates 

ornithine to buffer the extracellular mileau, are apparently distinct 

enzymes having different immunological characteristics and pH needed 

for optimal activity (47). The presence of multiple forms of ODC in 

mammalian tissues has also been suggested but remains a moot point, 

mainly because of the difficulty in isolation of the enzyme in large 

quantities. 
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The amount of ODC in a given cell is only an extremely small 

fraction of the total cellular protein content. In rat liver, ODC 

accounts for about 1-2 pmol/g wet wt of tissue which can be increased 

two orders of magnitude with thioacetamide stimulation (48). The ODC 

content of even stimulated tissues is, therefore, very small. The dif

ficulty in isolation and characterization of the complete molecule has 

led to conflicting reports on the properties of ODC. The molecular 

weight' of the enzyme from rodent tissues has been reported to be in the 

range of 70,000-100,000 (49,50). The mammalian ODC requires low 

molecular weight dithiols for activity and is pyridoxal phosphate

dependent, though the cofactor is unkno~1n (51). The enzyme does not 

require metal ions. The l<m of the mammalian ODC for ornithine is about 

0.1 mM and is therefore probably not saturated at physiological con

centrations (27). 

The regulation of mammalian ODC is probably dependent on the 

amount of enzyme protein, which is dependent on the rate of synthesis 

or degradation. Other forms of regulation including allosteric or 

postsynthetic modification of the enzyme have been proposed, but their 

biological significance is unknown (52). Various hormones have the 
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ability to increase ODe synthesis and increase the amount 'of the intra

cellular enzyme (53,54). There are apparently three different mecha

nisms by which hormones induce ODe concentrations. Trophic hormones 

w'hich have membrane receptors activate adenylcyclase resulting in an 

increased formation and intracellular accumulation of cAMP (55). cAMP 

in turn phosphorylates the protein kinases which become activated and 

translocate into the nucleus increasing transcription of the ODe 

message (55). Steroid hormones bind to cytoplasmic receptors and then 

the hormone receptor complex trans locates into the nucleus increasing 

transcription of the ODe message (44). Finally, "coated pit" hormones 

bind to a membrane receptor not coupled with adenylate cyclase (56). 

The receptor-hormone complex then migrates to a "coated pit" where it 

undergoes endocy~osis. It is presumed that some part of the hormone 

receptor complex then migrates to the nucleus to induce transcription 

of the ODe message. All these mechanisms increase the formation of 

putrescine in the cell. 

Aminopropyltransferase 

The next compound in the polyamine biosynthetic pathway is 

spermidine. The enzyme catalyzing the formation of spermidine from 

putrescine is spermidine synthetase. This enzyme utilizes dcAdoMet as 

an aminopropyl group donor and transfers the latter group to putrescine 

forming spermidine (38,57). Similarly the next polyamine in the 

biosynthetic pathway, spermine, is also formed by the addition of 

another propylamine group to spermidine (38,57). The enzyme catalyzing 

this reaction is spermine synthase which is inhibited by physiological 



concentrations of putrescine. The two synthases have many common 

features but are clearly distinct enzymes. The molecular "leights of 

spermidine and spermine synthase are in the vicinity of 75-90,000 

(58,59). Spermidine synthase has been purified to homogenity from 
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E. coli and consists of two subunits of equal size with molecular 

weights of 36,500 (60). Spermine synthase purified to homogenity from 

bovine brain has a molecular weight of 88,000 and also consists of two 

subunits (59). Both enzymes have a broad pH optimum near neutrality 

and have very high affinities for dcAdoMet (59,60). The only amine 

receptor for spermine synthase is spermidine while spermidine synthase 

uses primarily putrescine but also cadaverine as an amine receptor 

(57,61). Both spermidine and spermine synthase are sensitive to pro

duct inhibition by the reaction product of spermidine and spermine 

synthase, 5 methylthioadenosine (MTA) (62). Pegg and coworkers using 

rat ventral prostate found that in the presence of 42 ~ dcAdoMet, 50% 

inhibition of spermidine and spermine synthase was produced by 10 ~ 

and 30 ~ MTA respectively (45,63). In contrast to ODe, little is 

known about the biosynthesis and regulation of spermidine and spermine 

synthase. It is apparent from studies done in liver regenerating rat 

and in cultures of mouse fibroblas'ts, that the activities of spermidine 

and spermine synthase are apparently uncoordinated (58,64). It has 

also been demonstrated that mouse mammary gland spermidine synthase 

activity can be regulated by hormonal stimulation (65). 
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Polyamine Biosynthesis and Growth 

Though the exact controlling mechanisms of the polyamine bio-

synthetic enzymes is not completely elucidated, it is known that in 

cellular growth and proliferation there vdll be an increased biosynthe-

sis and accumulation of polyamines (17-30). The coupling of increased 

polyamine biosynthesis and cellular development has been demonstrated 

in tissue regeneration, embryonic growth and development, in hormone-

induced cell proliferation and growth in response to stimulation of 

tumor promoters. The most studied system demonstrating the enhanced 

accumulation and biosynthesis of the polyamines is in the regenerating 

rat liver following partial hepetactomy (66,67,68). Following the 

removal of 66% of the liver, one of the first biochemical events docu-

men ted in the remaining liver tissue is a dramatic increase in ODC 

activity which occurs 4 h after partial hepetactomy. The dramatically 

increased ODC activity, 100 to 500-fold that of sham operated animals, 

results in an increased amount of intracellular putrescine (67,68). 

The increased intracellular putrescine concentrations has a dual effect 

on spermidine and spermine formation. First the increased putrescine 

concentrations stimulate AdoMet DC activity enhancing the formation of 

dcAdoMet, essential for spermidine and spermine formation (38). At the 

same time the elevated putrescine concentrations inhibit spermine 

synthase (57). As a consequence of the elevated diamine con-

14 centrations, increased radiolabel incorporation from [ C]methionine 

into spermidine can be demonstrated as early as 4 h following partial 

hepetactomy and at 16 h the specific activity incorporated into sper-

midine is 10-fold that in controls (68). As demonstrated in the 
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studies of Raina and cmvorkers in the rat, liver spermidine content was 

significantly elevated at 16 h post partial hepatectomy and at 64 h was 

3.6-fold that of controls (68). In contrast, the specific activity of 

14 
C label incorporation into spermine does not increase until 16-20 h 

and the total liver spermine concentration was not significantly 

changed until 64 h. The molar ratio of spermidine to spermine in the 

-liver was approximately 1.5 at 16 h, 2.5 at 32 h, and back to 1.5 at 

216 h after partial hepatectomy, compared to 1 in the control animals. 

This pattern of polyamine accumulation is consistent in all rapidly 

growing or neoplastic tissues, though the time frame may be changed. 

From the above example, it would appear that stimulation of ODC 

activity is the key step in increasing intracellular polyamine concen

trations. This is apparently not the case for other procedures not 

associated with grm'7th, such as infusions of hypertonic sugar solutions 

(69), sham operations (69), cross circulation between animals (69), and 

interperitoneal injections of chemically inert mechanical irritants 

(69), protein hydrolyzates, and amino acids (70), all of which may 

cause substantial el~vations in ODC activity without an attendant 

increase in polyamine biosynthesis. The control of polyamine bio

synthesis would therefore appear to be quite complex and not entirely 

dependent on the activity of ODC. 

Polyamines and Growth and Development 

The increased polyamine concentrations associated with growth 

and development would suggest that these compounds have a fundamental 

role in these processes. That polyamines are important in cell growth 



and development is further supported by the demonstration in most 

rapidly gro,·1ing systems of an enhanced synthesis and accumulation of 

putrescine and spermidine occuring prior to synthesis of DNA. In the 

remnant of rat liver following partial hepetactomy, putrescine and 

spermidine contents are several fold increased before DNA synthesis 

begins at 32 h (68). The accumulation of the polyamines prior to DNA 

synthesis has been most readily studied in cell culture. In cells 

synchronized by selective detachment or by colcemid shakedown, 

polyamine biosynthesis has been shown to be enhanced during the late 

Gl and early S phase of the cell cycle (71-73). This same effect has 

been shown in asynchronous cultures in which the cell types were 

separated in sucrose density gradients. The timing of polyamine accu

mulation also seems to occur in similar ways in both normal and 

neoplastic cells (73). The heating of Chinese hamster ovary cells, 

which causes a leakage of intracellular polyamines in the Gl or S 

phase, causes an increased length of the S phase (74). Likewise, the 

addition of putrescine to human fibroblasts in Gl decreases the length 

of the S phase by 30% (75). 
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The use of polyamine synthesis inhibitors also demonstrates the 

importance of polyamines in continued cellular proliferation. For 

example, the incubation of rat embryo fibroblasts (REF) in the presence 

of an inhibitor of spermidine or spermine synthesis [such as 

methylglyoxal bis(guanylhydrazone) (MGBG)], cells continue to divide 

for one cell cycle and then arrest in the Gl phase (76). This block of 

cell proliferation is preceded by a dramatic decrease in the intra

cellular concentration of spermidine and spermine. The addition of 
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either one of these polyamines, but not putrescine, to the cell media 

will activate the cells and they will enter S phase 12 h later and 

divide. Therefore, a critical concentration of spermidine or spermine 

is required in early G1 in order for cell cycle progression to occur 

(76). Further evidence that polyamine deprivation causes a cell cycle 

block at the G1-S border has been demonstrated using cell-cycle speci-

fic cytoxic drugs. 3T3 cells grown in the presence of MGBG proceed 

through one more cell cycle following drug administration and then 

growth ceases (77). The addition of hydroxyurea, a potent S phase 

cytotoxic agent, to the MGBG treated cells has no apparent effect. 

After washout of both drugs, most cells lvill respond normally to growth 

stimulation. In contrast, proliferating 3T3 cells treated with 

hydroxyurea die quickly (77). The polyamines spermidine and spermine 

are therefore required for normal cellular replication in vitro. The 

importance of these compounds has also been demonstrated in vivo. As 

previously stated, an increased polyamine content can be demonstrated 

in the remnant of liver left after partial hepetactomy of a rat (68). 

Putrescine concentrations increase rapidly from 4-10 h postpartial 

hepetactomy and subsequently decline. Spermidine concentrations 

steadily increase from 4-24 h while spermine remains largely unchanged. 

Onset of DNA synthesis occurs 16 h after partial hepetactomy (68). The 

continuous infusion of 1,3-diaminopropane (DAP), a potent inhibitor of 

ODC, decreases the spermidine content of the liver remnant, and brings 

about an almost complete block of cells entering S phase as determined 

by autoradiography (78,79). After removal of the DAP infusion, the 

cells enter S phase with a considerable synchrony starting 5-9 h later. 
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Functions of the Polyamines 

The exact function(s) of the polyamines in cell growth is 

difficult to define. It would be tempting to suggest that these com

pounds have a profound effect on nucleic acid containing structures by 

serving as counterions to their acidic groups. Unfortunately this does 

not seem to be the case, for the concentration of the polyamines, even 

in a stimulated state, could not even counteract the negative charges 

associated with rRNA (80). In addition the polyamines could poten

tially interact ~rlth carboxyl groups of proteins, phospholipids, etc. 

The literature concerning the action of polyamines is therefore quite 

voluminous. Only a few functions of the polyamines have been demon

strated and their relationship to general cellular growth is unknoto1n. 

Nucleic Acids 

It has been shoto1n repeatedly that polyamines in vitro bind to 

nucleic acids, protecting them against denaturation and shearing 

perhaps by condensing the DNA molecule (17,18,26,27). The ionic 

interaction of the polyamines with the nucleic acids is quite strong 

reducing the affinities of other DNA ligands in vitro. It has been 

noted that the distance between the primary charges in spermine are 

exactly equal to the distance between the phosphate groups of adjoining 

bases in the major groove of DNA. Likewise spermidine was found to 

have the proper distance between its primary charges to bind to the 

minor groove (26,27). Unfortunately these observations have been based 

on double stranded DNA models, and not solidly grounded on three

dimensional crystallographic evidence (81-83). Therefore, there is no 



evidence for a particular unique interaction of the polyamines with 

DNA. 

Transfer RNA 
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The strong ionic interactions of spermidine and spermine with 

t-RNA has been of special interest for a long time (84-86). The 

interaction of spermidine with t-RNA depends on the cooperative binding 

of 5 molecules of spermidine, which have a strong interaction with the 

t-RNA molecule. In addition to the 5 molecules of spermidine, 15 other 

molecules of spermidine are less tightly bound to the t-RNA complex and 

this binding does not depend on cooperativity. The cooperativity 

observed in the binding of the first few spermidine molecules suggests 

that these ini.tial interactions facilitate the formation of tertiary 

structures of the t-RNA. Spermine also binds with t-RNA having been 

found in concentrationo as high as 1 to 2 moles per mole of purified 

t-RNA (84-86). Recent crystallographic studies of yeast phenylalanine 

t-RNA have defined two specific regions of yeast t-RNAphe which binds 

spermine specifically (87). These results suggest that spermidine and 

spermine may be structural components of t-RNA in vivo. 

Proteins 

Many studies have demonstrated that polyamines stimulate and 

optimize various enzyme systems in vitro (17,18,26,27). This remains a 

very popular area of research with several dozen full length 

manuscripts published on the subject in 1981. Invariably the enzyme 

assays are run by necessity in nonphysiological concentrations of salt, 

substrate, buffer, etc. In such cases the optimization of enzyme 



activity by the addition of the polyamineR may not reflect a physio

logical requirement for polyamines but only a counterbalance for the 

unnatural enzymatic mileiu. Therefore, the type of interaction the 

polyamines have with proteins in vivo is unknown and the effect that 

polyamines have on enzyme activities is a moot point. 

Covalent Linkage 

Polyamines are apparently covalently linked to various nucleic 

acids and proteins, but the function of these complexE,\s are unknown. 

19 

In bacteriophage W-14, half the thymine residues of the phage DNA con

tain putrescine, forming S-(4-aminobutylaminomethyl)uracil or 

(thyminylputrescine) (88). The structure of thyminylputrescine has 

been confirmed chemically and the source of the putrescine structure is 

ornithine (89). The biological function of this base is unknown. 

Putrescine is also apparently covalently bound to a small mole

cular weight protein that is a normal component of human plasma. This 

protein can be shown to disappear in the presence of blood clotting but 

not upon the conversion of fibrin to fibrinogen (90). Likewise 

putrescine has been found covalently bound to protein in the guinea pig 

semen plug (91). The enzyme potentially responsible for the above 

reactions is the enzyme transglutaminase (92). This enzyme has shown 

the ability to covalently link polyamines to y-glutamylysine residues 

of proteins. This reaction has been postulated to be important in pro

tein polymerization but much further work in this area is needed. 
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Polyamine Excretion and Cancer 

As summarized in the preceding paragraphs, little is known 

. about the in vivo function(s) of the polyamines. The demonstration 

that polyamines are required for normal growth and development has 

stimulated the amount of research done on these compounds. Likewise, 

the demon-stration by Russell in 1971 that polyamines may serve as 

biological markers of cancer, has stimulated research on polyamine 

excretion (14). In general, the elevated intracellular polyamine con

centration associated with grmvth processes leads to an increased 

excretion of the polyamines from cells. There are currently many 

papers demonstrating increased amounts of polyamines detected in the 

urine, plasma or serum of patients with cancer (Table I) (93-110). In 

general these studies demonstrate that patients harboring solid ana 

hematological tumors excrete (usually in urine) elevated amounts of 

putrescine, spermidine and spermine. The results of these studies vary 

widely as to which polyamine(s) are most frequently elevated with a 

particular tumor type, probably because the results are reported in 

differing units, using various analytical techniques including high 

voltage electrophoresis, thin layer chromatography, gas chromatography, 

and high performance liquid chromatography. In general a good correla

tion was found between disease state and polyamine elevation in 

patients with Burkett's lymphoma, colorectal carcinoma, lung carcinoma, 

medulloblastoma, acute leukemia and multiple myeloma. Poor correla

tions have been reported for breast and gynecological tumors. 
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Table I 

Polyornlnes In Cancer 

Frequency of Number 
Po Iyoml ne Clf Tatal Physiological 

Involved Tissue Elevation Cases Fluid References 

1. Breast 50'/. 142 urine 93 
28% 73 urine 94 
50% 26 urille 95 

2. Q)lorectal 67'/. 35 serum 96 
65% 52 serum 97 
69% 90 urine 98 
70% 13 urine 95 

3. Gastrointestinal 76% 14 urine 99 
66% 3 urine 98 

4. GenltdJrlnary Tract 
Bladder 95% 21 urIne 100 

Prostatic 50% 4 urIne 98 
95% 18 urIne 101 
73% 15 urIne 100 

Renal 82% 13 urIne 100 
66% 4 urine 98 

5. Neurological 
Astrocytana 28% 7 urine 98 

Glioblastomas and 
Msdulloblastomas 100% 27 CSF 102 

6. S!~ I n (rna I I gnant 
melanoma) 28% 25 urine 98 

43% 81 urIne 103 

'7 •. Acute Leul~ernl a 60% 10 urIne 95 
65% 14 urine '104 

100% 4 urIne 105 

8. Burkett's Lymphoma 100% 7 urine 106 

9. Hod~~lns Lymphoma 100% 6 urIne 95 

10. Non-Hodg!~ Ins 
Lymphoma 68% 25 urIne 95 

66% 3 urIne 98 

11. r-1yelomas 25% 8 urIne 95 
58% 12 urIne 104 

12. OsteogenIc Sarcoma 100% 4 urIne 98 

So I I d Turnors (1-6) 62.5% 52 erythrocytes 107 
67'/, 58 urIne 108 
50'/, 70 urIne 109 

Ch I I dhood Leul~eml as 92% 17 urIne 110 
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Unfortunately, elevated urinary polyamine excretion is not 

specific for patients with cancer, for elevated excretion of these com

pounds can be detected in various other disease states including per

nicious anemia, rheumatoid arthritis, chronic obstructive lung disease, 

cirrhosis, pancreatitis, psoriasis and pneumonia (104,108,111). They 

are also excreted in elevated amounts in patients with cystic fibrosis 

and various forms of muscular dystrophy (112,113). Therefore, initial 

enthusiasm for polyamine determinations in general cartcer screening has 

subsided. These compounds are not tumor specific and the number of 

false positives and negatives detected in the general population seems 

prohibitive. The bulk of the research on these compounds has shifted 

into two main areas, namely (1) the long-term evaluation of tumor 

growth or regression; and (2) in the short-term evaluation of the effi

cacy of a specific course of therapy. 

The clinical utility of using polyamine excretion for the eva

luation of tumor growth or regression has been demonstrated best in 

patients with Burkitt's lymphoma and medulloblastoma 0.06). Waalkes 

and coworkers in a study of urinary polyamine excretion in 7 patients 

with Burkett's lymphoma found elevated excretion of putrescine in 6 and 

spermidine and spermine in all 7 patients, greater than 2 standard 

deviations from the mean polyamine excretion of 13 "apparently healthy" 

controls. Polyamine excretion was then followed in two patients during 

chemotherapy. In one patient, urinary polyamine excretion, which "VIas 

already elevated, increased for five days after chemotherapy and then 

decreased below pretreatment levels into a "normal" range. Polyamine 
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elevations were not detected in this patient for the rest of the 75 day 

study and the patient was disease free for at least one year. In the 

other patient, urinary polyamine excretion was greatly elevated 

following cancer chemotherapy, but it also decreased to below pretreat

ment levels into a "normal" range seven days post chemotherapy. In 

contrast to the first patient described, polyamine excretion increased 

above "normal" in this patient on day 22 and continued to rise. On day 

33 an abdominal tumor was palpable and there was a reappearance of 

cells in the cerebrospinal fluid. Chemotherapy on day 45 cleared the 

cells from the cerebrospinal fluid but this treatment was associated 

with decreased polyamine levels. Thereafter, the patient's course was 

intermittently downhill despite vigorous treatment, polyamine con

centrations remained elevated and the patient died on day 103. 

In a more comprehensive study, Marton and coworkers measured 

cerebrospinal fluid (CSF) polyamine concentrations over a prolonged 

time in 16 patients with medulloblastoma (102). In 15 of the 16 

patients, every CSF polyamine determination showed either an appro

priate decrease with response to therapy, as determined by established 

tests, or an appropriate increase with recurrence. In 7 of the 15 

patients, increased CSF polyamine concentrations were detected weeks or 

months prior to clinical or radiographic evidence of recurrence. In 

only one patient, based on a single determination, was the polyamine 

concentration in a "normal" range prior to recurrence. During the 

duration of the study no patient with elevated CSF polyamine concen

trations has failed to recur. Therefore, polyamines as a predictor of 



medulloblastoma recurrence was extremely accurate with only one false 

negative and no false positives detected in 75 determinations. The 

studies on Burkitts lymphoma and medulloblastoma " demonstrate the poten

tial use of polyamines in the long-term evaluation of tumor growth or 

regression. The polyamines may also serve as rapid predictors of the 

efficacy of cancer chemotherapy. 

The most comprehensive studies on the potential of polyamilles 

as predictors of the success of cancer chemotherapy have been presented 

in a series of papers by Durie and Russell (104,105,114). Altogether 

they have measured polyamine excretion pre- and postchemotherapy in 53 

patients with hematological tumors (lenkemias, myelomas and lymphomas) 

and 34 patients with solid tumors (b~east carcinoma, melanomas, testi

cular carcinoma, etc.). In general they found that cancer patients 

that did not respond to cancer chemotherapy had a posttreatment to 

pretreatment spermidine ratio of less than 1.5. Those patients that 

had a partial or complete response to chemotherapy had a mean increase 

in this ratio of approximately 3.5. In contrast putrescine excretion 

generally increased following chemotherapy, but did not correlate to 

response, while spermine excretion was not effected by chemotherapy. 

These results suggested that following initiation of chemotherapy or 

radiation therapy a greater than two-fold increase in urinary sper

midine excretion within 24-48 h should predict the response of the 

tumor to treatment. These studies suggest a considerable potential 

clinical usefulness for the polyamines as rapid predictors of cancer 

chemotherapy. 
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As stated previously, polyamine excretion is not used as a 

routine clinical test for cancer because of the obvious lack of speci

ficity and sensitivity (93-111). To be useful as a screening agent for 

cancer, these compounds would have to be excreted in elevated con

centrations in all persons having a particular form of cancer. Table I 

does show some forms of cancer which have an apparent 100% correlation 

between presence of cancer and polyamine excretion, but these studies 

are based on only a few subjects. In all urinary polyamine excretion 

studies so far discussed, samples were acid hydrolyzed (6N Hel 105°, 

24 h) prior to analysis. This suggested that the parent polyamine was 

being derived from a conjugated form. The nature of the primary 

polyamine conjugate(s) was unkno~?n at the onset of this dissertation; 

however, various polyamine derivatives have been detected in urine 

including acetyl, peptide, lipid and pyrixdoxal conjugates (115-118). 

In addition, many polyamine protein conjugates have been detected in 

human blood plasma, but their concentration in human urine samples is 

unknown (90,119). The determination of this polyamine conjugate(s) may 

allow for the development of more specific and sensitive assa~s for the 

polyamines and give further information on polyamine function in the 

cell. 



METHODS AND RESULTS 

The Determination of the Spermidine in Human Urine 

The principal goal of this dissertation was the determination 

of the primary conjugates of the polyamines excreted into human urine. 

Since putrescine and spermidine were the only polyamines excreted into 

urine as a conjugated product, the bulk of the research was done on 

these two polyamines. The focus of the initial research was placed on 

spermidine, because unlike putrescine it exists in high concentrations 

in cells and tissues. In retrospect, this turned out to be a wise 

decision on several levels. 

The type of bond existing between spermidine and its conjugate, 

and the molecular ~veight of the complex were bvo initial studies needed 

before the actual purification of the compound could begin. If it was 

found that the bond between the polyamine and conjugate was simply 

ionic, a biological function of polyamine conjugation would have to be 

questioned and further studies would seem pointless. If spermidine was 

covalently conjugated, determination of the molecular weight of the 

combined conjugate 'tolOuld dictate the analytical approach to the 

problem. If the molecular weight of the conjugated polyamine was 

small, an isolation scheme using G.C.-mass spectroscopy would be used 

for identification. If the compound was larger, suggesting a protein 

polyamine conjugation, protein purification techniques would be 

26 
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employed. Follow'ing these initial studies it ~"as very important to 

radiolabel the proposed conjugate to aid in the isolation and purifica

tion of this compound. Since the conjugation was thought to take place 

in vivo, radiolabelled spermidine would have to be injected into 

humans. Before this step was taken, it was important to validate the 

distribution of radiolabeled spermidine in vivo, in the rat, to insure 

that an exogenously administered polyamine would equilibrate with endo

genous polyamine pools. Following the successful completion of the 

above studies, the actual process of identifying the unknown polyamine 

conjugate(s) could begin. 

The Determination of the Spermidine-Conjugate Bond Strength 

Methods. A 5 m1 aliquot of a fresh urine sample was vortexed 

with an equal amount of 12N HCI, sealed in a pyrex glass tube 

(15 x 160 mm) and heated for various times at 103°. One sample was 

placed in the tubes and incubated for 48 h with 12N HCI at room tem

perature. After incubation with the HCI, the contents of the tubes 

were evaporated in vacuo, and the residues dissolved in 2.5 m1 

0.1 N HCI. A 75 J.lI aliquot of this solution was then loaded on a 

Durrum-D-500 amino acid analyzer (Dionex Corp., Sunnyvale, CA) for 

polyamine analysis as previously described (120). 

Results. A sample was acid hydrolyzed as described above for 

48 h and this concentration was arbitrarily taken as the total sper

midine content of the urine. As shown in Fig. 3, no spermidine was 

released by incubating the samples in 6N HCI. This result indicated 

that the total spermidine in the urine was covalently conjugated to 
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Fig. 3. Spermidine recovery following the acid hydrolysis of a single 
human urine sample. Samples from a single pooled urine were acid 
hydrolyzed (6 N HCI, 100 0

) for various times and a time samples were 
placed in 6 N HCI for 24 h at room temperature. Spermidine content of 
the urines were determined as described. Spermidine content of urine 
following 24 h of acid hydrolysis was designated the 100% control value. 
Values are the percent of control averaged from duplicate determinations. 



another substance. The total spermidine content of the urine was not 

recovered until the sample had been incubated in the concentrated acid 

solution for 16 h at 103°. Therefore, the "bonding" strength of the 

conjugate(s) to spermidine was quite high and was consistent with a 

covalent linkage. 

The Determination of the Molecular Weight 
of the Conjugated Spermidine 

Methods. Three ml of urine were placed in an equal amount of 

O.lN HCl. This solution was placed in a model 12 stirred cell (Amicon 

Corp., Lexington, MA) fitted with either a UMOS, UM1 or UM2 (500, 1000 

or 2000 MW cutoff) ultrafiltration membrane. Operating pressures were 

kept at a constant 70 ps{. The filtrate (5 ml) was collected and ana-

lyzed for polyamines as described previously. 

Results. According to the manufacturer (Ultrafiltration and 

Micropourous Filtration Systems Catalog 1980, Ami con , page 4) the UMOS 

will retain compounds as small as 600 MW (raffinose) with a 94% 

efficiency; however, smaller molecular molecules may also be retained 

to a certain degree. As shmrn in Table II, the unknown conjugate was 

retained by the UMOS but not at all by the UM1 ultrafiltration mem-

brane. This result would suggest that the unknown conjugate was at 

least SOD, but less than 1000 MW. Though this method did not provide 

an exact molecular weight for the spermidine conjugate, it did suggest 

that the conjugate had a small molecular weight, and might be analyzed 

by GC-mass spectroscopy. 

29 



Molecular Weight 
Exclusion 
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Table II 

Molecular Weight Determination 
of the Spermidine Conjugate 

% Spermidine Conjugate 
Retained by Membrane 

65 

< 5 

o 

% Spermidine Conjugate 
Passing through Membrane 

20 

>95 

100 



Tq~ Distribution of Exogenously Administered 
[ C] Spermidine in the Rat 

In order to investigate the distribution of exogenous spermi-

14 dine, rats were injected with [ C]spermidine. 

Animals. Female Sprague-Dawley rats weighing from 175-200 g 

were used in all studies. The rats were given food and water ad 

libitum for the duration of the particular study. For the deter-

14 mination of the plasma disappearance of [ C]spermidine, 5 rats were 

surgically fitted with an internal jugular line, according to the 

method of Brown and Hedge (121). For sample withdrawal, a 30-cm piece 

of 100 guage polyethylene tubing (Clay Ad~ms) was attached to the 

capped end of the intrajugular line and the blood sample was withdrawn 

into a 1-ml glass syringe (Popper). Following sample collection, an 

equal amount of saline was reinfused into the rat to prevent hypovole-

mia. The rats were studied the day following catheter implantation to 
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avoid any effects of the anesthesia. 

14 [ C]Spermidine Plasma Clearance. For the determination of the 

14 plasma disappearance of [ C]spermidine, the rats described previously 

were injected intravenously in the tail vein with 1 ~Ci of the radio-

label in 0.5 ml of normal saline for injection. Blood samples (0.5 ml) 

were collected at 1, 5 and 10 min, then every half hour for the first 2 

h, then hourly for 6 h following injection of the tagged compound. 

Plasma was separated from blood by spinning the sample at 800 g x 

20 min. A 250 ~l aliquot of the plasma was counted for a total 14C. 



In 2 rats, the RHCs were collected and a 200 )JI sample of the packed 

14 cells analyzed for C on a Tri-Carb Sample Oxidizer (Pac1l:er). 

14 
[ C] Tissue Distribution. For the determination of the 

distribution of the radiolabel, 18 rats were each injected with 20 )Jei 

14 R of [ C]spermidine. The rats ~vere placed under Halothane (Abbott) 

anesthesia and samples were taken from 3 rats at 12, 24, 72, 132, 216 

and 384 h. Eight tissues, the kidneys, liver, lungs, pancreas, small 

intestine, spleen, stomach and thymus, were removed. Immediately upon 

excision, the tissues were placed in varying amou.nts of cold TCA, spun 

at 24,000 g x 30 min in a refrigerated centrifuge (Sorval, DuPont), 
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homogenized (Poly tron) , and frozen until analyzed. A 0.5 m1 aliquot of 

the TCA supernatant was counted for total radioactivity. The super-

natant was further analyzed in 8 tissues by HPLC, as previously 

described (120). The tissue pellet ~vas resuspended by heating in NaOH 

and the protein content determined by the method of Bradford (122). 

14 [ C] Urine Clearance. For the determination of the urinary 

1 L~ 
excretion of [ C]spermidine, 5 rats were injected intravenously with 

1 )JCi of the radiolabel in 0.5 m1 of normal saline and placed indivi-

dually in Econo Metabolism units (Econolab). Urine and feces were 

collected every other day for the first 10 days and then once every 3 

days for the duration of the study. Two m1 of O.IN HCI was placed in 

urine collection cups to prevent bacterial contamination of the urine. 

Prior to urine collection, the collection apparatus was washed ~rlth 10 

ml of distilled water to wash any dried urine into the collection cups. 

Urine (1 ml) was counted for total radioactivity in 10 m1 Aquasol on an 



LS-7500 liquid scintillation counter (Beckman). The amount of 

14 
[ C]metabolites and parent compounds was determined by HPLC as pre-

viously described (120). The total radioactivity in 500 mg samples of 

feces was analyzed on a Tri Carb Sample Oxidizer (Packard). 

Results. 14 
Following intravenous [ C]spermidine injection, 

plasma radioactivity decreased rapidly with only 5% of the injected 

dose accounted for in plasma after the first minute (Fig. 4). This 

rapid disappearance of radioactivity in the plasma continues for the 

first 2 h and was then followed by a linear plateau phase which con-
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tinued for at least 6 h. Plasma radioactivity rapidly declined so that 

14 
the form of the C compound could only be determined during the first 

15 min, during which time the radioactivity was in the form of the 

parent compound spermidine. Increasing the injected radiolabel con-

cent ration to 20 ~Ci did not lead to a corresponding increase in plasma 

concentrations and the parent compound could only be followed for 

50 min with no metabolites detected. 

RBCs were also rapidly cleared of the radiolabel in parallel 

with the plasma (Fig. 5). Initially, RBC radiolabel concentration were 

less than plasma; however, after 30 min the concentrations plateaued at 

a level three times the concentration in plasma and this continued for 

the duration of the study. Again, due to low radiolabel concentrations 

the label could only be identified for the first 30 min, during which 

time it existed as parent compound. 
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F1~' 5. Decline in RBC radioactivity in the rat (N=2) after 
[ C]spermidine injection (1 ~Ci IV). Radiolabel content was determined 
by oxidizing a 0.25 m1 sample of packed RBC on a Packard Tissue Oxidizer 
as described. 
o and t:::. = separate rats. 
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In the initial tissue uptake and metabolism studies 1 \lCi of 

radiolabeled spermidine was used. This concentration of radiolabel 

resulted in low tissue radiolabel concentrations which were difficult 

to demonstrate after 72 h. The increased radiolabel used (20 \lCi) had 

the same relative uptake into tissues and a similar (110 h) urinary 

half-life as the smaller dose (1 \lCi). 14 
The larger [ C]spermidine dose 

allowed a complete examination of tissue radiolabel metabolism for the 

duration of the study. All tissues studied had the ability to take up 

14 exogenously administered [ C]spermidine (Table III). At 24 h post 

radiolabel injection, the pancreas, thymus and small intestine had the 

largest amount of radioactivity per mg tissue. However, the tissues 

with the most total radioactivity, due to their weight, were the liver, 

small intestine and kidney. The relative amount of radioactivity in 

the tissues remained constant and declined in parallel with urinary 

radiolabel excretion with the exception of the last time point at 384 h 

(Fig. 6). 

At 24 h the radiolabel in tissue existed primarily as the 

parent compound spermidine with lesser amounts of putrescine and 

spermin~ detected (Fig. 7). The ratio of radiolabel detected in the 

polyamines eventually equilibrated with the peak height ratio of the 

endogenous tissue polyamines, though the time needed for this to occur 

varied from tissue to tissue. The radiolabel in the thymus, spleen and 

small intestine equilibrated with the endogenous polyamines by 132 h; 

the pancreas, kidney a.nd lung by 216 h; the stomach and liver by 384 h. 

Radiolabel continued to accumulate as spermine in the tissues, with the 

spermidine to spermine ratio declining below 1, and in certain tissues, 



Table III 

The 14C Content1~f Various Rat Tissues 24 Hours 
after [ C]Spermidine Injection 

Tissue DPM/mg protein 

Kid'!1ey 6984 ± 164 

Liver 2502 ± 121 

Lung 3415 ± 173 

Pancreas 8819 ± 598 

Small Intestine 7455 ± 428 

Spleen 6155 ± 402 

Stomach 3278 ± 172 

Thymus 6975 ± 49 

37 

± S.E. 

14 A 0.25 m1 aliquot of tissu14homogenate was counted for C 24 hr after the 
administration of t~ llCi [ C]spermidine to the rats. Each value repre
sents the average C tissue concentration ± standard error from three 
separate rats, each done in duplicate. 
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1'+ Fig. 6. C Radiolabel ~\stribution in various rat tissues following the 
IV injection of 20 ~Ci [ C]spermidine. Tissues were homogenized in 
various amounts of 10% TCA, spun at 24,000 g for 30 min, and a 0.5 ml 
aliquot of the supernatant counted in 10 ml Aquasol scintillant. The 
dashed line represents the rate of radiolabel excretion in rat urine. 
Tissue radiolabel elimination parallels the urinary elimination with the 
exception of the 384 h time point. 
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Fig. 7. Approximately 40,000 cpm of the radiolabeled extract were 
subjected to HPLC analysis as described. The eluent was collected in one 
minute fractions of 0.3 ml and the radioactivity assessed in 10 ml 
Aquasol. Qualitatively all tissues contained the same radiolabeled peaks 
with the exception of the liver, pancreas and spleen which did not 
contain the peak detected at 30. The arrow at 13 min indicated the time 
of injection. Peak I elutes at 15 min, peak II at 18 min, peak III at 
28 min and peak IV at 38 min. 
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spermine was the only radiolabel compound detected in the tissue. In 

addition, four other peaks of radioactivity eluted from the HPLC at 15, 

18, 28 and 38 in. The peaks at 15, 18, 28, and 38 min were multi-

component peaks and were not identified. These polyamine metabolites 

identified at 24 h were not detectable after 136 h due to decreasing 

tissue radiolabel concentration. 

The initial 24 h urine collection contained all radiolabeled 

HPLC peaks detected in tissues with the exception of spermine which was 

not detected in any urine sample for the study's duration (Fig. 8). 

The major radiolabeled products in urine elute from the column at 15, 

18, 28 and 38 min and appear to be the same compounds found in low con-

centrations in tissue. These compounds are the major polyamine excre-

tory products. The relative amount of radiolabel detected as 

putrescine increases in the second and third urine samples and then 

remains constant throughout the study while spermidine decreases 90% 

and then stabilizes in the second collected urine. 

The radiolabel elimination rate could not be estimated by 

measuring plasma radioactivity. However, the amount of radiolabel 

excreted in urine versus time is a function of the radiolabel's 

14 elimination rate constant and can be used to estimate C turnover. 

Total radioactivity was excreted in the urine in a biphasic manner with 

the first phase having a half-life averaging 9.8 h and a range of 7.5 

to 14.5 h (Fig. 9). This initial phase mainly reflects the large 

14 amount of free [ C]spermidine excreted in the first 24 h urine collec-

tion. The terminal elimination half-life averaged 102 h with a range 

of 91-115 h. Tissue radiolabel concentrations parallel the terminal 
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and counted in 10 m1 Aquasol scintillant. 
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14 Fig. 9. Urinary excretton rate of C in the rat (N=6) following the 
injection of 1 ~Ci of [4C]spermidine. Twenty-four hour urines were 
collected for the duration of the study. Two elimination phases were 
detected; an (l phase with a half-life ranging from 7.5-14.5 h and a 
terminal elimination phase ranging from 91 to 115 h. 
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slope of urinary 14C excretion with the exception of the last sample 

taken at 384 h. The concentration of radiolabel in feces was very 1mV' 

after 24 h (7500 dpm/24 h) and non-detectable after 72 h. Since an 

aliquot of feces was measured radiolabel excretion by this route may 

have been underestimated eSEecially if radiolabel excretion in feces 

was not a constant process. 

These results demonstrate that exogenously administered 

spermidine enters endogenous polyamine pools. The polyamine turnover 

studies were then conducted in humans. 

14 [ C]Spermidine Turnover in Humans 

Subjects. 
14 . 

To confirm that the [ C]spermidine turnover studies 

in the rat are applicable to humans, similar studies were conducted in 

6 apparently healthy normals. Four men (average age 27.8 yr, range 

26-31) and two women (ages 25 and 32) were studied. All studies were 

approved by the Human Subjects Committee, University of Arizona, and 

informed, written consent was obtained before each study. 

Methods. 14 [ C]Spermidine (100 ~Ci, 75.5 mCi/mM) was added to 

1 ml of sterile saline for injection and the pH adjusted to 7.2 with 

sterile NaOH. A 20-gauge intravenous catheter needle and 26-gauge 

butterfly needle were inserted into the left and right forearm veins, 

respectively. The butterfly needle ~V'as used exclusively for the injec-

tion of the radioisotope and was removed after this use. Blood 

sampling was through the intravenous catheter which was fitted with a 

heparin lock when not in use. Venous blood samples (5 ml) were 

withdrawn at regular intervals after injection (up to 72 h) and placed 
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Vacutainer (Abbott) tubes. These tubes w~re spun at 2000 rpm for 

10 min and the plasma decanted. Each plasma sample was assayed in 

14 
duplicate for [ e] by counting a 0.5 ml plasma sample in 10 ml Aquasol 

(New England Nuclear, Boston, MA). Each voided urine was individually 

collected for the first 72 h in polyethylene collection cups, acidified 

with 12N Hel (I ml) and refrigerated. Subsequent samples (24 h 

aliquots) were collected at regular intervals in polyethylene con-

tainers as described above. Total urine volumes were measured and a 

14 1 ml aliquot of each sample was counted for [ e] activity in Aquasol. 

Results. Following the injection of 100 ~ei of 

14 [ e]spermidine, plasma radiolabel decay was extremely fast with 

14 greater than 95% of the [ e] cleared within one minute (Fig. 10). The 

14 small concentration of [ e] remaining in the plasma continued to 

decline for 2 h at which point radiolabel concentrations remained 

stable for at least 72 h. 

Although the plasma decay of the radiolabeled polyamine was 

quite rapid, urinary elimination of the radiolabel was quite prolonged. 

14 The first voided urines contained primarily [ e]spermidine probably as 

a result of the first passage of the radiolabel through the kidneys. 

This in a 12 ml heparinized initial urine sample sometimes contained ?s 

much as 5% of the total radiolabel injected. After the first voided 

urine, humans excreted only 6-10% of the administered radiolabel over 

72 h with the terminal halflives ranging from 170-220 h (Fig. 11). 

These results are consistent with those derived from the rat studies 

and are a good indication that the exogenously administered spermidine 

is equilibrating with endogenous polyamine pools. 
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The Analytical Approach for Determining 
the Spermidine Conjugates(s) 

It was necessary to collect at least 10 ~ole of the unknown 

conjugated polyamine in order to have a sufficient amount of material 

to subject to GC-mass spec analysis. Since humans excrete approxi-

mately 10 ~oles of conjugated spermidine per 24 h, 100 ml of urine 

would contain the needed amount of the unknown. Since only 30% of the 

initial radioactivity was recovered following analytical separation, 

the method developed to isolate the unknown conjugate ~.]as designed to 

process at least 200 ml of urine. 
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Methods and Results. Table IV shows the scheme for the purifi-

cation and identification of the spermidine conjugate(s). The first 

step required the lypholization of a 200 ml pooled urine sample 

collected from the normal volunteers as described. Following lypholi-

zation the residue was reconstituted in 60 ml O.lN HCI and applie~ to a 

6S x 2.S cm column containing Biorad SOW-X8 (Biorad Corp., Richmond, 

CA), a strong cation exchange resin. The radiolabel was eluted from 

this column using O.OS N NH40H, with all [14C] eluting in a single 

125 ml fraction. This fraction was then lypholyzed, and the resultant 

residue dissolved in 10 ml methanol. The methanol solution was then 

placed in a conical tube, dried under a nitrogen stream, and then 

reconstituted in O.lN HCI. At this point in the isolation, SO-6S% of 

the original radiolabel remained and the initial volume of urine has 

decreased from 200 to 1 ml. HPLC was then utilized to separate the 

radiolabel into its component parts. 
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Fig. 11. Urinary excretion 
the IV injection of 100 ~Ci 
urine was collected for the 

14 
ratel~f C from normal volunteers following 
of [ C]spermidine. Each individual voided 
first 72 h and then a 24 h urine was 

collected once weekly for 8 weeks. Two elimination phases were detected; 
an a phase with a half-life ranging from 12-20 h and a terminal 
elimination phase with a half-life ranging from 170-230 h. Urinary 
radioactivity was determined by counting a 1 ml urine aliquot in 15 ml 
Aquasol scintillant. 



Table IV 

Proposed Protocol for Purification and Identification 
of the Spermidine ConJugate(s) 

200 11 of urine In 0.1 N HCI 

Lyophilize 

Reco1stltute 60 ml of urine In 0.1 N HCI 

Appl-/ 30 ml X 2 urine to a Blorad 50\'JX-8 cation exchange resin 
(1 0-200 mesh) 

Pre-equilibrate resin \1lth 50 ml 0.1 N HCI 
Apply ssmple 
I'lash column 111th 100 ml 0.1 N HCI 
Br I ng co I urnn brought to neutra I pH by \1ash I ng tIl th 

d.d. H20 
~Iash Ill9tabollte from column I1lth 0.05 N NH40H 
I'Jhen effluent turns basic (pH 8), collect 125 ml 
This contaIns 65-85% of counts. 

LyophIlize 

Reconstitute In 10 ml reagent grade methanol. Spin at 3000 rpm 
for. 10 min (to preclplate salts) 

I Pass through 0.45 mIcron fIlter. Dry under nItrogen 

ReCOlstltute In 1 ml d.d. H20. Apply to HPLC. 

HPLC as descrIbed 
Collect fractIons ~Ith radIoactIvIty and acIdIfy 
(approxImately 3 mJ) tIlth 0.1 NHCI. Th Is fractIon 
contaIns 50-65% of orIgInal counts. 

De-Slit by catIon exchdnge chromatography (50I'D<-8) 

Conc HC I (2.5 m J) e I utes 6~ of counts 
Lyophlllza 
ReconstItute In 1 ml methanol 

Derlvltlze matabolltes to TAB derIvatIves 

At thIs stoga'30-35% of the orIgInal counts remaIn 
Dry dO';/O metabolItes I n methanol 
Add 0.5 ml 10% butanol In 10% HCI and heat for 

20 mIn at 100°C 
Dry butanol HCI under nItrogen 
Add trlfluoroacetlc acId anhrdrlde In CH2CL2 

and heat for 20 mIn at 100 C 

GC Mass Spectroscopy 
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Radiolabel isolated as described" above was subjected to HPLC 

analysis and the resultant radiolabel profiles are shown in Fig. 12. 

14 
If the initial voided urines following [ C] spermidine injection were 

used for conjugate isolation, the radiolabel was primarily in the form 

of unconjugated spermidine (Fig. 12a) with lesser amounts detected as 

peaks labeled II and III. If subsequent urine collections were pooled 

and analyzed the amount of radiolabeled spermidine decreased, and was 

not detectable in any human urine samples collected 10 h after radio-

label injection. HPLC analysis of the radiolabel in the later urines 

yielded four peaks, none of which co-migrated with known polyamines 

(Fig. 12b). The radiolabel in the four peaks was individually 

collected from the HPLC, acid hydrolyzed and analyzed for the presence 

of spermidine. Following acid hydrolysis, peak IV yielded a stoichi-

metric amount of unconjugated spermidine with peaks I, II and III 

rechromatographing in the fractions from which they were collected. 
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Therefore, only peak IV contained the spermidine conjugate and this was 

collected for GC-mass spec analysis. 

The radiolabel in peak IV was isolated from multiple HPLC runs 

and pooled. The pooled sample (6 ml) was then placed on a 1 ml column 

of 5m.J-X8, eluted with 2.5 ml 12NHCl and collected. This acidified and 

desalted eluate was then lyophilized to dryness, reconstituted in 1 ml 

methanol and stored until derivatized for mass-spec analysis. Since 

the functional groups of the spermidine conjugate were unknown, the 

putative spermidine conjugate was reacted with both butanol HCI and 

trifluroacetic acid anhydride which derivatize carboxylic and amine 
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Fig. 12. High performance liquid chromatography analysis of urine 
prepared as described 14 (A) Radiolabel prof He of pooled firs t voided 
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6-10 h after radiolabel injection. Radiolabel was collected in 1 min 
fractions and counted in 10 m1 Aquasol scintillant. 
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groups respectively. The derivatized compound was then analyzed on a 

Finnigan 3200 GC Mass Spectrograph. The gas chromatographic column was 

1.2 m x 2 rom glass column packed with 3% QV-I01 coated on 100/120 Gas 

Chrom Q and experiments employed a termperature program from 200 0 

increased to 270 0 at 10 0 min-I. All GC-mass spec analyses were per

formed by Drs. Sai Chang and Tom Davis of the Arizona Health Sciences 

Center, University of Arizona. Fig. 13a and b shows the resultant ion 

impact and chemionization spectra of the unknown, which were consistent 

with the mass-spectra of N-acetylspermidine. 

It was found that spermidine was excreted into rat and human 

urine primarily as the monoacetyl conjugate with no other spermidine 

conjugates detected. Using similar methodologies it became apparent 

that putrescine was also excreted as the monoacetyl conjugate. Since 

the structure of the spermidine conjugate was now known, it was impor

tant to locate the site of its formation. Therefore, various rat 

tissues were screened for the presence of N-acetylspermidine in an 

attempt to determine the source of this compound. 
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Fig. 13a. CI spectrum of TAB - unknown. Spectrum is consistent with 
the molecular weight of TAB-N-acetylspermidine; molecular weight=379. 
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Fig. 13b. EI spectrum of TAB - unknown. Fragmentation is consistent 
with TAB-N-acetylspermidine. Molecular ion was not observed using 
these conditions. 
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The Determination of the Location of 
N-Acetylspermidine Formation 

1 8 The Formation of Radiolabeled N - and N -Acetylspermidine 
i~4Various Rat Tissues Following the Injection of 
[ C) Spermidine 
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Methods. Three female Sprague-Dawley rats (150-175 g) were 

14 injected via the tail vein with 20 ~Ci [ C]spermidine in 0.4 ml normal 

saline for injection buffered to pH 7.0 with 0.1 N sodium hydroxide. 

Twenty-four h after radiolabel injection the rats were anesthetized 

with HalothaneR (Abbott Laboratories, Chicago) and the kidneys, liver, 

lungs, pancreas, small intestine, spleen, stomach and thymus surgically 

excised. The organs were immediately placed in cold 10%' trichloro-

acetic acid, homogenized (30s x 2) and centrifuged (20,000 g x 10 min, 

14 The supernatant and pellet, used for [ C] metabolite analysis 

and protein determination, respectively, were separated and stored at 

-20 0 until analyzed. Prior to use, tissue pellets were resolubilized 

in 3 N NaOH, diluted with various amounts of normal saline and protein 

concentrations determined by the method of Bradford (122). 

14 An aliquot of the [ C]spermidine-containing tissue extract was 

filtered (0.45 ~M pore, Millipore Corp., Bedford, MA) and evaporated in 

a rotary evaporator. 14 For [ C] metabolite analysis, the residue was 

reconstituted in 300 ~l of 0.1 N HCI and 75 ~ aliquots were loaded 

into sample cartridges for a Durram D-500 amino acid analyzer (Dionex 

Corp., Sunnyvale Corp., CA). 14 [ C]Spermidine derivatives were eluted 

and separated in 72.5 min as previously described (120). To assay for 

[14C]spermidine, an aliquot of the [14C]spermidine-containing tissue 



55 

was filtered, the pH adjusted to greater than 12 with NaOH pellets, 

excess salt added and the sample extracted into butanol. The butanol 

was evaporated and the residue resuspended in various amounts of 

O.IN HCI so that 75 ~l contained approximately 150,000 dpm which were 

chromatographed on the Durrum D-500. The radiolabel which on the amino 

acid analyzer had a retention time equivalent to an acetylspermidine 

standard was colected from multiple runs, extracted into butanol and 

dried as described above. The presence of acetylspermidine was con-

firmed by thin-layer chromatography (TLC) on 0.2 mm silica gel 60F 254 

HPTLC thin layer plates, (E.M. Laboratories, Hest Germany). 

Results. Twenty-four hours after the intravenous injection 

1<+ into the rat of [ C]spermidine, all tissues contained the radiolabel 

(Table III) as shown. Due to the difficulty in the complete isolation 

and excision of certain organs such as the pancreas, tissue radiolabel 

concentrations are based on dpm/mg protein. The highest concentrations 

of radiolabel were detected in the pancreas and small intestine. 

Though the concentration of radiolabel in the liver and kidney was 

lower than in other tissues, the total radiolabel uptake by these 

organs was the greatest because of their large total protein content. 

HPLC analysis of the radiolabel detected in the tissues is 

shown in Fig. 7. All tissues qualitatively had the same radiolabeled 

metabolite peaks with the exception of the peak eluting at 28 min ~-lhich 

was absent in three tissues. Table IV shows the percentage of total 

tissue radiolabel which was detected in the various peaks. At 24 

hours, the radiolabel existed in tissues primarily as the parent com-

pound spermidine, with lesser amounts of putrescine and spermine 
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detected. In addition to the polyamines, four other peaks of radio-

activi ty eluted at 15, 18, 28 e.nd 38 min. The radiolabel peaks at 15, 

18, and 28 min are mul ticomponent peaks, which have yet to be iden-

tified. The peak eluting at 38 min co-elutes with the monoacetyl con-

jugate of spermidine. The amount of radiolabel that co-elutes with 

1Lf. 
known acetylspermidine is very small with C concentrations in this 

peak ranging from 0.25 to 1.9% of total tissue radiolabel (Table V). 

Following HPLC separation, the radiolabel peaks with the same 

elution time as authentic acetylspermidine were collected and analyzed 

by TLC. The presence of acetylspermidine was confirmed using the two 

buffers as described in Table VI. Buffer I [chloroform:methanol: 

ammonia (2:2:1)] was used to separate the two acetylspermidine isomers. 

1 8 All tissues studied contained radiolabeled N -and N -acetylspermidine, 

though the ratio of the two isomers differed in the various tissues. 

In Table VI the percentage of monoacetylspermidine existing as the two 

isomers in the various tissues is shown. 1 N -acetyl spermidine was the 

major acetylspermidine isomer detected in all tissues. The largest 

1 8 N -to N -acetylspermidine ratio was found in the thymus with a ratio 

greater than 5 to 1 and the lowest in the liver with a ratio of less 

than 1.4 to 1. Fig. 14 shows the TLC of the radiolabeled acetylsper-

midine detected in thymus and liver. 

Acetylation of Spermidine in Chinese 
Hamster Ovary Cells 

Cell Culture Techniques. Chinese hamster ovary (CHO) cells 

were grot>m in monolayer in McCoy's 5A media containing 20% fetal calf 

serum, penicillin (100 units/ml) and streptomycin (100 ~g/ml). Cell 



Tissue 

Kidney 

Liver 

Lung 

Table V 

The Percentage of Radiolabel Detected as Parent Polyamines 
and Unknowns Following HPLC Analysis of Radiolabeled 

Rat Tissue Homogenates 

RADIOLABELED PEAKS 

I II III AcSpd Put Spd 

0.67 3.1 0.36 0.61 2.1 76.0 

0.69 2.3 0.46 0.54 93.0 

0.62 4.0 1.7 0.52 5.2 84.0 

Pancreas 0.50 1.5 0.27 1.0 96.0 

Small Intestine 0.80 6.1 1.6 0.38 3.4 80.0 

Spleen 0.49 1.6 0.47 2.1 91.0 

Stomach 0.71 1.9 0.25 0.36 1.6 89.0 

Thymus 0.67 3.1 0.37 1.9 10.6 79.1 
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Spm 

12.0 

3.1 

4.1 

1.1 

7.1 

4.7 

5.6 

4.5 

Radiolabeled rat tissue homogenates were subjected to HPLC analysis and 
yielded various radi~~abeled peaks as demonstrated in Fig. 1a and b. The 
percentage of total C existing in the tissues as the various 
radiolabeled peaks is given above. 
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Table VI 

1 8 The Ratio of Radiolabeled N to N -Acetylspermidine 
in Rat Tissues 

1 N -acetylspermidine 8 N -acetylspermidine 
Percent of Total Acetylspermidine 

Kidney 64.1 35.9 

Liver 58.0 42.0 

Lung 67.1 32.9 

Pancreas 65.4 34.6 

Small Intestine 76.7 23.3 

Spleen 69.0 31.0 

Stomach 75.6 24.4 

Thymus 82.1 18.8 

Pooled rat tissue radiolabel was collected from the HPLC and subjected to 
thin layer chromatography, as previously described. The solvent system 
of chloroform:methanol:ammonia (2:2:1) was used to separate the two 
isomers of acetylspermidine. At least 1500 counts of radiolabel 
acetyl spermidine from the tissues were applied tq the plates and these 
w~re chromatographed simultaneously with known N - and 
N -acetylspermidine. The percentage of each isomer was determined by 
measuring the area under the radioactivity peaks associated with the 
appropriate known isomer of acetylspermidine. 

The N1
_ to N8-acetylspermidine ratio represents the average of duplicate 

determinations for all tissues 't-lith the exception of the stomach, small 
1 I) 

intestine and pancreas. The N - to N -acetyl spermidine ratio in these 
tissues was from a single TLC determination due to the small total 
acetylspermidine content of the pooled tissues. 



cultures were incubated at 37 0 in a humidified 95% air-5% C02 

atmosphere. Cell doubling times were 13 to 15 h under these con-

ditions. Cell numbers were determined by an electronic particle 

counter (Coulter Electronics, Hialeah, FL) on samples collected ~rlth a 

rubber policeman into Puck's saline A. For the determination of 

! 4 6 [ C]spermidine uptake and acetylation, 0.5 to 1 x 10 cells were 

plated in 5 ml media in plastic Petri dishes (Falcon Plastics, Oxnard, 

CA) and [14C]spermidine (1 ~Ci/culture; 80 mCi/mmol) was added at zero 

time. Duplicate cell cultures were harvested at 2, 4, 6, 12 and 24 h. 

The incubation was terminated by removing the media and washing the 

monolayer extensively with normal saline. Cells were scraped from the 
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plates and collected in normal saline, centrifuged (800 x g for 10 min) 

and the saline poured off. To the pellet, 1 ml of IN HCI was added, 

and the cells were sonicated (2 30-s bursts at 60% power; Kontes 

Company, Vineland, NJ) to ensure cellular disruption. Cell extracts 

were stored at -80 0 until processing for analysis. Duplicate experi-

14 ments were conducted in which [ C]spermidine was incubated for 24 h in 

cell-free media. 

For the determination of endogenous acetyl spermidine , 1.5 x 10 e 

CHO cells were grown in 475 x 110 nnn roller bottles (Bellco, Vineland, 

NJ) in McCoy's 5A media and collected as above. [!qC]Spermidine (100 

~Ci) was added at time zero, and the cells ~.,ere harves ted at 24 hand 

placed in a final volume of 5 ml of IN HCI. 

Polyamine Determinations. An aliquot (0.5 ml) of the acidified 

[l~C]spermidine-containing cell extract was filtered (0.45 ~m pore, 
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Fig. 14. Radiolabel which eluted from the HPLC at 38 min was collected 
from multiple runs and subjected to TLC analysis as described. A 
solvent system [chloroform-methanol-ammonia (2:2:1)] which separates 
the two monoacetylspermidine isomers was used to develop the TLC peaks. 
The plates were developed to a height of 8 cm, the radiolabel content 
was determined by scraping 2 mm sections from th1 plates and counting 
t~em in 10 ml Aquasol. The RF values of known N - and 
N -acetylspermidine are 0.35 and 0.42 respectively. Panel A shows the 
TLC profile of radiolabeled acetylspermidine from the liver while panel 
B shows the profile from the thymus. The thymus had the highest per
centage of N!-acetylspermidine (82%) while the liver had the lowest 
(58%). 
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Millipore Corp., Bedford, MA) and evaporated. The residue ,,,as 

reconstituted in 100 ~l of O.lN HCI and 75 ~l were loaded on a Durrum 

D-500 amino acid analyzer (Dionex Corporation, Sunnyvale, CA). The 

resin used was a 16% crosslinked cation exchange resin (Dionex 

Corporation) with a bead diameter of 10 ± 1 }.1M and was packed to a 

height of 11.5 cm in a stainless steel column with a 1.7 mm internal 

diameter. 

14 [ C]Spermidine derivatives were eluted and separated in 

72.5 min as previously described. Endogenous polyamines were deter-

mined as described previously on a Durrum D-500 amino acid analyzer 

(120). 

The presence of acetylspermidine was confirmed by thin-layer 

chromatography (TLC) on silica gel 60F254 HPTLC thin-layer plates, 

0.20 rom thickness (EM Laboratories, West Germany). The follo,rlng four 

solvent systems were used: (I) chloroform:methanol:ammonium hydroxide 

(2:2:1); (II) ethylene glycol monomethyl ether:proprionic acid:H20 

(70:15:15) saturated ~rith NaCI; (III) N-Butanol:acetic acid:pyridine: 

H20 (4:1:1:2); and (IV) 8% aqueous NaCI:acetic acid (100:1). Following 

chromatographic separation the radioactive products were determined by 

scraping 2.0-mm sections of the plates and counting the radioactivity 

in 10 ml Aquasol on a Model 7500 Beckman liquid scintillation counter. 

Known compounds were run simultaneously and their location ~TaS deter-

mined by spraying the plates with 0.2% ninhydrin in N-butanol. The 

plates were then developed by heating at 110°C for 10 min. 

1 tl N -Acetylspermidine and N -acetylspermidine were prepared by the method 

of Tabor et al. (123). 
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Chemicals. McCoy's Medium SA, Pucks Saline A, fe tal calf 

serum, penicillin and streptomycin were purchased from Grand Island 

Biological Company, Grand Island, NY. 14-[ C1Spermidine and Aquasol were 

purchased from New England Nuclear, Boston, MA. 

Results. Harvested CHO cells were washed t~Yice with saline to 

14-
remove [ Clspermidine ionically bound to the cell exterior before acid 

extraction and sonication to release the intracellular radiolabel. The 

uptake of the polyamine was a linear function of time with 18% of the 

added label incorporated into the cells within 24 h. (Fig. 15). 

Quantitative analysis of cells harvested at 24 h by cation-

exchange chromatography indicated that 50% of the intracellular radio-

, label cochromatographed with spermidine, 30% with spermine, and 5% with 

putrescine (Fig. 16). Three additional peaks of radioactivity eluted 

prior to the known polyamines. Peaks I and II eluted at 18 and 28 min 

and apparently represented oxidized products since acid hydrolysis did 

not result in the release of free polyamines. These peaks also were 

present in control dishes to which no cells were added. Peak III 

eluted at 38 min, the same position as authentic acetylspermidine. 

Acid hydrolysis of Peak III resulted in the detection of a 

14-C-containing compound which comigrated with spermidine. This peak 

14 was not observed when [ Clspermidine was incubated for 24hr in media 

alone, suggesting this compound was formed intracellularly. For con-

iirmation that Peak III was authentic acetylspermidine, the radioactive 

fractions were subjected to TLC in four different buffer systems (Table 

VII). This confirmed the presence of acetylspermidine with a majority 
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Fig. 15. Uptake gf [ C]spermidine by CHq4cells as a function of time. 
Cells (0.5-1 x 10 ) were incubated with [ Cl~permidine, harvested at 
various times as described, and counted for C incorporation in 10 m1 
Aquasol. Each point represents the average of two determinations in 
duplicate. 
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Fig. 16. 14C profile of CHO cells incubated with [14C]spermidine and 
analyzed by high-performance cation exchange chromato~raphy. 
Nonsynchronized cells in log growth phase (0.5-1 x 10 cells) were 

14 incubated with [ C]spermidine for 24 h. Fractions were collected and 
radioactivity assessed in 10 ml Aquasol. 
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1 
present as N -acetylspermidine (72%) and a smaller amount as the 

8 N -acetyl derivative (28%) as determined by solvent I. 

Although radioactivity could be measured quantitatively, sper-

midine derived from endogenous acetyl spermidine after acid hydrolysis 

could not be detected fluorometrically by HPLC from samples containing 

1 x 10 6 cells, suggesting a concentration of less than 10 picomoles/10 6 

cells. Therefore, 1.5 x 10 8 CRO cells were used to determine the ratio 

of endogenous acetylspermidine to spermidine. The fractions that 

chromatographed in the position of acetylspermidine were collected, 

hydrolyzed and analyzed for polyamine regeneration. Authentic sper-

midine was present after hydrolysis. Endogenous acetylspermidine 

represented approximately 0.5% of the total spermidine content of the 

cell (Fig. 17). 1 TLC analysis to determine the ratio of N - to 

8 N -acetylspermidine was not possible due to the small quantity of 

endogenous spermidine. 



Table VII 

Thin-Layer Chromatography of Unknown HPLC Peak 

Solvent I Solvent II Solvent III Solvent IV 

Unknown 0.35 + 0.41 0.56 0.16 0.46 

1 N -Acetylspermidine 0.35 0.56 0.15 0.46 

N8-Acetylspermidine 0.41 0.56 0.15 0.46 

Putrescine 0.10 0.59 0.12 0.76 

Spermidine 0.06 0.35 0.08 0.61 

Radioactivity was collected from the fractions that eluted at 38 min. 
The various solvents were described in the Methods Section. 
Approximately 2500 counts were applied to the plates which were 
developed to a height of 8 em. Known reference compounds were run 
simultaneously 1nd deve~oped with 0.2% ninhydrin in n-Butanol. 
Separation of N - and N -acetylspermidine was only achieved using 
Solvent I. The percentage of each isomer was determined by measuring 
the radioactivity peaks associated with the appropriate RF value. 
Approximately 70% of applied radioactivity was recovered in the 
fractions comigrating with acetylspermidine and no other peaks of 
radioactivity were found. 
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Fig. 17. Endogenous polyamine co~tent of CHO cells. Nonsynchronized 
cells in log growth phase (1 x 10 cells) were incubated for 24 h as 
described in text. An aliquot (75 ~l) of the cell extract was placed 
on an amino acid analyzer, and the polyamines were detected by a 
fluorescent reaction as described. 

17A: Profile of endogenous polyamines in the cell with ace
tylspermidine eluting at 38 min, putrescine at 41, spermidine at 51, 
and spermine at 58 min. 
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17B: Confirmation that the peak at 38 min was acetylspermidine 
was obtained by collecting and hydrolyzing those fractions in 6 N HCI 
at 100 D C for 24 h. The hydrolysate was adjusted to pH greater than 12 
and extracted in butanol as described. The butanol was evaporated and 
resuspended in 75 ~l of 0.1 N HCI and analyzed for polyamines. The 
presumed acetylspermidine peak at 38 min was no longer present and an 
equal amount of spermidine eluted at 51 min in further confirmation of 
the presence of authentic acetylspermidine. 



Acetylpolyamine Excretion in Cancer and Cystic Fibrosis 

Analytical Methods 

In order to routinely measure acetyl polyamine excretion 

without the use of radiolabel, it was important to develop method

ologies which could directly analyze these compounds. 

Single-Step High Performance Liquid Chromatographic Method 
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Chemicals. Putrescine dihydrochloride, spermidine trihydro

chloride, spermine tetrahydrochloride, o-phthalaldehyde, sulfosalicylic 

acid and mercaptoethanol were purchased from Sigma (St. Louis, MO). 

Sodium citrate was purchased from Mallinckrodt (St. Louis, MO), sodium 

chloride from Ashland (Columbus, OH), sodium hydroxide from Matheson, 

Coleman and Bell (Norwood, OH), boric acid from VWR (San Francisco, 

CA), and thiodiglycol from Pierce (Rockford, IL). Acetylpolyamines 

were prepared by the method of Tabor et al. (123). 

Column Packing. The Bio-Rad A-9 resin was slurry-packed into 

a 250 x 3 mm column at room temperature with a 1:1 mixture of buffers B 

and C (see below). Buffer flow-rate was approximately 0.2 ml/min, and 

the pressure on the column was not allowed to exceed 100 bar during 

the 8-h packing procedure. Using this method, we have not encountered 

increased column packing after more than 150 runs, and the resulting 

peaks in the chromatograms remain sharp. 

Elution Buffers. The elution system consisted of four buffers. 

Buffer A was prepared by dissolving 19.6 g of sodium citrate in 1 1 of 

double-distilled water (DDW). The pH was brought to 4.25 with con

centrated hydrochloric acid; the final molarity was 0.2 M solution. 
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Buffer B was prepared by adding 2.0 g sodium hydroxide and 8.76 g of 

sodium chloride to 1 1 of DDW. The pH was adjusted to 10.1 with boric 

acid; the final molarity \-1as 0.2 M sodium. Buffer C ~vas prepared by 

adding 2.0 g sodium hydroxide and 23 g sodium chloxide to 1 I DDW. The 

pH was adjusted to 10.1 with boric acid; the final molarity was 0.44 M 

sodium. Buffer D was prepared by dissolving 12 g sodium hydroxide in 1 

1 DDW. All solutions were filtered through a 0.45-J,nD. filter and pre

served with pentachlorophenol. 

O-Phthalaldehyde Reagent. o-Phthalaldehyde (OPA) reagent was 

prepared by adding 25 g potassium hydroxide to 800 ml DDW. Boric acid 

was used to adjust the pH to 10.4. DDW was then added to bring the 

solution to 1 1. To the liter of borate buffer solution, 4.5 ml 

2-mercaptoethanol, 3.0 ml Brij, 5.8 g potassium thiocyanate and 800 mg 

OPA dissolved in 20 ml methanol were added, and the solution was mixed. 

This solution was filtered through a 0.45-J,nD. filter before use. 

Urine Preparation. Urine samples were collected in polyethy

lene specimen cups. Ten m1 of urine were removed for creatinine analy

sis and the ~est of the urine was acidified to O.lN HCl with con

centrated hydrochloric acid. An aliquot (0.8 ml) of acidified urine 

was added to 0.2 ml of 10% sulfosalicylic acid in a J.5-ml microcentri

fuge tube and vortexed. This solution was then spun on a Beckman B 

microfuge for 5 min. The supernatant was removed and the pH was 

brought to 2-3 with 0.25 ml of 0.3 M sodium hydroxide. The samples 

were then frozen until analyzed. Creatinines were determined by the 

direct procedure (Hycel, Houston, TX). 



Chromatographic Separation. High-performance liquid chroma

tography (HPLC) was accomplished with a component system. The four 

buffers \qere contained in 1-1 bottles and kept at room temperature. 
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Due to the high pH, buffers B, C, and D tvere fitted with carbon dioxide 

traps containing sodium hydroxide pellets. All buffers were connected 

by 0.3-cm tubing to a 4-part distribution timing assembly (Hamilton, 

Reno, NV). Buffers were pumped onto the column by a Milton Roy 

Minipump (Applied Science, State College, PA), equipped with a pulse 

dampener. The sample was injected onto the column by a 7010 sample 

injection valve fitted with a 200-~1 sample loop (Rheodyne, Berkeley, 

CA). A 250 x 4 mm stainlesssteel column (Pierce), packed with approxi

mately 7 g of Bio-Rad A-9 resin (11.5 ± O. 5 .~; Bio-Rad Labs., 

Richmond, CA), was used for chromatographic separation. The column was 

jacketed with a 250-mm microbore column jacket (Altex, Fullerton, CA) 

and kept at 60°C by a constant temperature circulating bath (Haake, 

Saddle Brook, NJ). All stainless-steel tubing was 0.16 x 0.05 em. The 

column outflow was connected to 60 em of 0.6 x 0.3 mm microbore 

PTFE-tubing in a 3-way manifold tee (Pierce) where it was mixed with 

OPA. OPA was pumped by a Model 650 pressure pump (Rainin, Woburn, MA) 

equipped with a pulse dampener and carried by 0.16-cm PTFE tubing 

(Alltech, Deerfield, IL) into the 3-way manifold tee. OPA and column 

effluent were mixed in 185·cm of 0.6 x 0.3 mm PTFE-tubing before 

entering the detector and were then connected to a waste container by a 

coiled 9.1 m section of 0.6 x 0.3 mm PTFE-tubing. Fluorescence was 

measured on a Spectro/Glo Fluoremeter (Gilson, Middleton, WI) equipped 
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~·1ith a 5-111 microflow cell and OPA excitation and emission filters. 

The 100- and 10-mV output of the fluorometer ~'7aS connected to a 

2-channel Omniscribe strip chart recorder (Houston Instruments, Austin, 

TX). Pen Y1 of the recorder \V'as connected to the 100-mV output and was 

run at 0.1 V full-scale, pen Y2 to the 19-m V output and was run at 1 V 

full-scale. 

The buffer flow-rate was 30 ml/h. Before each run, the column 

was equilibrated with Buffer A for 15 min. Immediately after sample 

injection, Buffer B was started and run for 38.5 min and total run time 

was 74.5 min. o-Phthalaldehyde was also run at 30 ml/h. The presence 

of the acetylpolyamines was confirmed by collection of the column 

eluate corresponding to the acetyl derivatives. The acetyl derivatives 

were then acid hydrolyzed (6 N hydrochloric acid, 103°C, 16h) to form 

the parent polyamines which were quantitated as previously described 

(120). 

Results. Table VIII shows the structures of the naturally 

occurring acetylpolyamines found in urine. All acetyl derivatives 

detected which regenerate the parent polyamines are monoacetyl deriva

tives. Fig. 18 represents a standard separation of the kno~m urinary 

acetylpolyamines using this method. Arginine, the final basic amino 

acid to elute from the column, the basic dipeptides anserine, carnosine 

and homocarnosine, and ammonia elute between 9 and 12 min. There is a 

large separation of these compounds from acetylputrescine (AcPut) which 

elutes at 23 min and from acetylcadaverine (AcCad) which elutes at 39 

min. The two isomers of acetylspermidine are completely separated with 

N8-acetylspermidine (N 8AcSpd) eluting at 46.5 min and N1 (N1AcSpd) at 
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Table VIII 

Structure of the Naturally Occurring Acetylpolyamines 

Putrescine 

° " CH3-C-NH-CH2-CH2-CH2-CH2-CH2-NH2 

Cadaverine 

° II 
CH3-C-NH-CH2-CH2-CH2-NH-CH2-CH2-CH2-CH2-NH2 

1 N -Acetylspermidine 

1°1 
CH3-C-NH-CH2-CH2-CH2-CH2-NH-CH2-CH2-CH2-NH2 

N8-Acetylspermidine 
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Fig. 18. A standard run of acetylated polyamines. A 200 ~l sample 
containing 1 nmol of each polyamine was chromatogra%hed as described. 
Peaks: l=acetylputrescine; 2=acetylcadaverine; 3=N -acetylspermidine; 

1 4=N -acetylspermidine. 
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60 min. The reproducibility of this method in terms of retention time 

and response is demonstrated in Table IX. In all cases, the relative 

standard deviation was 1.1% or less. 

Typical chromatograms of urine samples from normal volunteers 

are demonstrated in Fig. 19a and b showing the chromatographs from a 

dilute urine (30 mg creatinine/dl) and from a concentrated urine (240 

mg creatinine/dl), respectively. Fig. 20 shows the separation of the 

acetylpolyamine derivatives from the urine of a patient with cancer. 

The separation of the acetylpolyamine derivatives was not affected by 

urine concentration and no other compounds comigrated with the 

.acetylpolyamine derivatives. 
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The chromatographic procedure was used to determine the acetyl

polyamine content of urine of normal volunteers and of cancer patients. 

The results are shown in Table X. The acetylated polyamines were found 

in all urines tested with the exception of acetylcadaverine which was 

sometimes nondetectable. The presence of the acetylpolyamines was con

firmed as described in Materials and Methods. Acid hydrolysis of the 

column eluate corresponding to the particular acetyl derivative yielded 

only the parent polyamine in equimolar amounts, with the complete 

disappearance of the acetyl derivative. 



Table IX 

Precision of Analysis of Retention Time and Response 

Retention Time (min) Q Re_sponse (nmol/400 ll) 0 

AcPut AcCad N~AcSpd NVAcSpd ---AcPut--XCCad N"'AcSpd NVAcSpd 

Average 23.2 38.7 59.8 46.5 1.1 1.0 1.0 0.95 

S.D. 0.26 0.43 0.18 0.29 1.05 0.09 0.02 0.03 

R.S.D. (%) 1.1 1.1 0.30 0.62 5.0 9.0 2.0 3.0 

Retention times and response were determined by measuring standard runs (1 nmol 
per 200 }.Il) over a 3-week period of time (n = 6). Amounts as low as 100 pmol 
can be accurately assayed. During this time, over 100 urine samples were run. 
All peaks were hand-integrated. R.S.D. (%) = relative standard deviation (%) = 

S.D. mean X 100. 
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Fig. 19. Separation of acetylpolyamines in normal humans from (A) dilute 
urine (30 mg creatinine/dl) and (B) concentrated urine (240 mg 
creatinine/dl). Urine samples (200 ~l were prepared and chromatographed 
as described with no sample dilution necessary. Peaks as in Fig. 18. 
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Fig. 20. Separation of a 200 ~l urine sample from male leukemia patient. 
Peaks as in Fig. 18. 



Table X 

Acetylpolyamine Content of Normal Human Urine 
and Urine of Cancer Patients 

Acetylpolyamine concentration 
Subject (~g/mg creatinine) 

AcPut 

Normal volunteers 
1. MM 2.6 
2. JE 2.6 
3. JR 2.0 
4. ND 3.0 
5. AV 2.6 
6. CP 1.3 

Cancer patients 

1. RR 10.7 
(malignant mesothelioma) 
2. RP 11.1 
(leukemia) 
3. DC 7.6 
(malignant melanoma) 

* n.d. = not detectable. 
TR = trace 

AcCad 

0.33 
0.51 

TR 
0.38 
0.09 
n.d.* 

0.46 

n.d.* 

0.54 

1 N AcSpd 

0.66 
0.77 
0.86 
0.96 
0.85 
0.92 

2.2 

0.92 

7.1 
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8 N AcSpd 

0.58 
1.1 
1.6 
1.0 
1.3 
0.4 

0.45 

0.79 

2.5 

The acetylpolyamine content of urine from six normal volunteers and three 
cancer patients. All values were standardized by basing acetylpolyamine 
excretion on urine creatinine as described. 



1 AsMethod for the Simultaneous Determination of N - and 
N -Acetyl spermidine and of Polyamines by Cation Exchange 
Chromatography 
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Chemicals. Putrescine dihydrochloride, spermidine trihydroch-

loride, spermine tetrahydrochloride, O-phthalaldehyde and mercaptoethanol 

were purchased from Sigma (St. Louis, MO). Sodium citrate and thio 

diglycol were purchased from Fierce (Rockford, IL). Sodium chloride, 

sodium hydroxide and hydrochloric acid were purchased from Baker 

(Phillipsburg, NJ). Acetylpolyamines were prepared by the method of 

Tabor et ale (123). 

Column Packing. Bio-Rad A-9 cation exchange resin, in Buffer A 

(see below), wag· slurry packed in a 100 x 9 mm glass column to a height 

of 6 cm. The column was then allowed to pack under pressure with a 

buffer flow rate of 0.5 ml/min at 65°C, using the elution program and 

buffers as described below. The final bed height was 4 em and column 

pressures did not exceed 20 bar. 

Elution Buffers. The elution system consists of 4 buffers and is 

a modification of the method of Gehrke et ale (124) (Table XI). Buffer A 

is prepared by dissolving 2.00 g sodium citrate and 33.90 g sodium 

chloride in one 11 of double-distilled water (DDW). The pH was brought 

to 5.8 with concentrated HCl and the final molarity was 0.6 M. Buffer B 

was prepared by adding 3.90 g sodium citrate and 68.60 g of sodium 

chloride in 1 1 DDW. The pH was adjusted to 5.55 with concentrated HCl 

and the final molarity was 1.20. Buffer C was prepared by adding 15.70 

g sodium citrate and 1.66 g sodium chloride to 1 1 DDW. The pH was 

adjusted to 5.55 with concentrated HCl and the final molarity was 2.97. 
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Table XI 

Composition of Buffer Solutions in g/1000 cm 3 

Molarity 
Sodium Sodium Sodium Sodium Final of 

Buffer Citrate Chloride Hydroxide EDTA pH Na+ 

A 2.00 33.90 5.80 0.60 

B 3.90 68.60 5.55 1.20 

C 15.70 166.00 5.55 2.97 

D 24.00 1.00 12.00 0.60 
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Buffer D was prepared by adding 24.0 g NaOH and 1 g EDTA to 1 1 DDW. All 

solutions were filtered through a 0.45 ~ filter and preserved with 

pentachlorphenol. 

O-Phthalaldehyde Reagent. o-Phthaldehyde (OPA) was prepared by 

adding 25 g potassium hydroxide to 800 ml DDW. Boric acid was used to 

adjust the pH to 10.4 and then DDW was added to bring the final solution 

to 1 liter. Three ml of BRIJ and 5.6 g potassium thiocyanate were then 

added to the liter of borate buffer, and this cocktail was then stirred 

and filtered through a 0.45 roM filter. 2.4 g of OPA in 40 ml ethanol 

and 4.5 ml mercaptoethanol were added to the filtered solution. The OPA 

was added after filtering to avoid the loss of large amounts of OPA on 

the 0.45 uM filter. 

Chromatographic Separation. High performance liquid chromato

graphy was accomplished with a component system. The four buffers were 

contained in 1 liter bottles and kept at room temperature. Buffers were 

pumped onto the column by a Model 650 high pressure pump (Rainin, Woburn, 

MA) and carried by 0.6 x 0.3 mm PFTE tubing (Alltech, Deerfield, IL) into 

a three-way manifold tee. OPA and column effluent were mixed in 1.85 M 

of PTFE tubing before entering the detector and then carried by a 9.1 M 

section of PTFE tubing to a waste container. Fluorescence was measured 

on a Spectro/Glo Fluorometer (Gilson, Middleton, WI) equipped with a 5 ~l 

microflow cell and OPA excitation and emission filters. The sample was 

injected onto the column with a Valco Valve (Houston, TX) equipped with a 

80 ~l sample loop. An 0.32 x 15 cm water jacketed glass column (Pierce) 

filled with approximately 1 g of Bio-Rad A-9 resin (11.5 ± 0.5 urn; 

Bio-Rad Labs, Richmond, CA) was used for chromatographic separation. 
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The buffer flmv rate was 30 ml/h. Before each run, the column 

was equilibrated with Buffer A for 10 min. After sample injection, 

Buffer A is run for 30 min to elute the amino acids and ammonia. Buffer 

B is then run for 15 min to elute N1_ and N8-acetylspermidine and 

putrescine. Buffer C is then run for 17.0 min to elute cadaverine, sper-

midine and spermine. The column is then r~generated with Buffer A for 10 

min before the next sample is run. Every 10 runs Buffer 4 was used to 

recondition the column by removing metals and organic residues. OPA 

flowrate was 12 ml/hr. 

Results. The structures of the polyamines putrescine, cada-

verine, spermidine and spermine and the two monoacetyl conjugates of 

spermidine have been shown before. The method presented in this section 

separates the polyamines and isomeric monoacetylspermidines utilizing 

cation exchange chromatography. Following cation-exchange ch~oma-

tography, the polyamines are detected and quantitated by their post 

column interaction with o-Pthalaldehyde, which forms fluorescent adducts 

with compounds containing primary amine groups. Fig. 21 shows the 

separation, resolution and order of elution of the various polyamines at 

picomolar concentrations. 
1 A standard containing 800 pMoles of N - and 

8 N -acetylspermidine, 400 pMoles of spermine and 200 pMoles each of 

putrescine, cadaverine and spermidine per 80 ~l was used for the deter-

mination of the accuracy and precision of this assay. Retention time and 

peak area variations are very small as demonstrated in Table XII. The 

1 8 two isomers of N - and N -acetylspermidine are over 75% separated by this 

method and they elute at approximately 37 and 39 min, respectively. The 

parent di- and polyamines are separated in traditional fashion from the 
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Fig. 21. A standard run of acetylated spermidines and polyamines. (A) 
"3 1 8 100 mm sample containing 800 pmoles of N - and N -acetylspermidine; 
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400 pmoles spermine and 200 pmoles putrescine c1daverine and spermidine 
wer] chromatographed as described. Peaks: l=N -acetylspermidine; 
2=N -acetylspermidine; 3=putrescine; 4=cadaverine; 5=spermidine; 
6=spermine. 



Table XII 

Precision of Analysis of Retention Time and Response 

Average 

S.D. 

R.S.D. (%) 

Average 

S.D. 

R.S.D. (%) 

RETENTION TIME (min) 

Put Cad 

37.62 39.15 42.80 49.50 

0.14 0.18 0.60 0.16 

0.36 0.46 1.4 0.33 

RESPONSE (peak areas x 10- If) 

1 8 N AcSpd N AcSpd 

261 268 

12 17 

4.7 6.4 

Put 

363 

24 

6.8 

Cad 

412 

33 

8.0 

Spd 

52.79 

0.20 

0.39 

Spd 

530 

29 

5.4 

84 

Spm 

58.06 

0.20 

0.38 

Spm 

759 

24 

3.1 

Retention times and response were determined by measuring standard runs 
(as described in text) over a two-week period of time (N=7). Retention 
times and peak areas were determined by a model 3390A Hewlett Packard 

Integrator. RSD (%) = relative standard deviation (%) = S.D. x 100 
mean 
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polystyrene based cation exchange resin. The diamines putrescine and 

cadaverine, and the polyamines spermidine and spermine elute from the 

column at 43, SO, 53 and 58 min, respectively. Fig. 22 shows the 

linear relationship bet~1een polyamine concentration and the re6ultant 

fluorescent peak areas as determined on a Hewlett Packard 3390A 

integrator. 

Fig. 23 shows the chromatogram of the polyam1nes from a human 

urine sample. Only trace amounts of the parent polyamines are excreted 

into the urine, ~rlth large amounts of spermine and the monoacetyl sper-

midine conjugates detected. l 8 The ratio of N - and N -acetylspermidine 

is close to 1. In contrast, Fig. 3B shows the chromatographic separa-

tion of a urine sample from a DBA-2J mouse. These animals excrete 

1 large amounts of putrescine, lesser amounts of N -acetylspermidine, 

spermidine and cadaverine, and trace amounts of N8-acetylspermidine. 

1 8 The ratio of N - to N -acetylspermidine is greater than 15. 

This method was developed to measure the acetylpolyamines in a 

single run. Since this system was based on a low pH buffer system, it 

was used to confirm the results from the acetylpolyamine method and at 

the same time, measure the free polyamines in the urine. 

Polyamine Excretion in Mice with P-388 Tumors 

Methods and Materials 

Mice: Six- to eight-week-old male DBA-2 mice (Jackson 

Laboratories, Bar Harbor, ME) weighing approximately 25 g were used in 

all experiments. Groups of five animals were housed in metabolic cages 
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Fig. 22. The linear relationship between polyamine concentration and 
resultant peak area were determined on a Hewlett Packard Model 3390A 
integrator. Relative fluorescence represents ~he fluorescent product of 
each compound measured by the integrator x 10-. Each point represents 
the average of 3 determinations. The standard errors of the mean of each 
point were less than 8% and not included. 
l::J. = acetylspermidine, 0 = putrescine, 0 = spermidine, 0 = spermine. 
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Fig. 23. (A) Separation of the acetylspermidines and polyamines in urine 
from a normal human and (b) a DBA-2J mouse. Human urine was di~uted 
two-fold and mouse urine four-fold with 0.1 N Hel, sp~n (3 x 10 g x 
2 m~n) and chromatographed as described. Peaks: I=N -acetylspermidine; 
2=N -acetylspermidine; 3=putrescine; 4=cadaverine; 5=spermidine; 
6=spermine. 
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(Nalgene Company, Rochester, NY) 5 days prior to the experiment to 

become acclimated to their environment. During this time they were 

given food and water and libitum and were on a 12 h light and 12 h dark 

schedule. 

Mouse tumor line: P-388 lymphocytic leukemia was kindly 

supplied by Dr. Robert Struck (Southern Research Institute, Birmingham, 

AL) and serially transplanted as an ascites tumor at weekly intervals 

6 (10 cells every 7 days in Dulbeccos modified Eagle's medium, Grant 

Island Biological Company, Long Island, NY). This tumor cell line was 

selected because of its short doubling time of approximately 18 hand 

high growth fraction following transplantation of greater than 90%. 

Urine Collection: Urine ,'las collected in plastic vessels con-

taining 1 NRCI (2.5 ml) from the metabolic cages containing 5 mice. 

Upon collection of the urine samples, sample collection cups were 

washed with 1 tillCI (2 x 2.5 ml). The wash and sample were then com-

bined and stored at 3°C until polyamine analyses were performed. Since 

urine output by the mice was generally less than 1 ml/day/mouse, urine 

collection was not quantitative. Therefore, polyamine excretion, by 

necessity, was based on creatinine excretion. Creatinine deter-

minations were carried out on 0.25 ml urine aliquots as previously 

described. 

Determination of Polyamines 

Polyamine and mono-acetyl polyamine analysis were performed as 

previously described. Briefly, a 0.25 ml urine sample was diluted to' 

3 
I ml with dd. H20, an aliquot of this solution centrifuged (5 x 10 x 
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1 min) and the supernatant subjected to HPLC analysis. Buffer C of the 

acetylpolyamine method was slightly modified so that NaCI and NaOH were 

added to 950 ml H20 and 50 ml ethanol. This modification sharpens the 

8 1 N -and N -acetyl spermidine peaks increasing the separation of these 

compounds from unknown urinary components. 

Polyamine excretion studies - Leukemic mice: Mice were divided 

into two groups of control and tumor injected. Test mice were 

6 injected with 10 P-388 leukemic· cells in a volume of 0.2 ml Dulbeccos 

modified Eagle's media and control animals 0.2 ml media on Day O. The 

mice were then returned to the metabolic cages and urine samples 

collected on regular intervals for the duration of the study. Food and 

water intake were measured daily for the duration of the study. 

Fasting mice: Following the acclimation period a single 24 h 

urine was collected which served as a control. On Day 0, all food was 

removed from the metabolic cages and urine samples were collected every 

24 h for the duration of the study. 

Statistical analysis: Statistical differences between test and 

control animals were considered significant if P < 0.05 as determined 

by a two-tailed t-test. All values reported are means ± standard 

errors from three separate experiments. 

Results 

Following tumor implantation the mice lived an average of 

11.1 ± 0.6 days. During this time the weight of the animals decreased 

from an average 27.02 ± 1.1 g before the start of the study to 

21.04 ± 1. 7g at the time of death. Food and water intake remained 
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apparently constant until Day 8 after tumor implantation, at ~lhich time 

they were sharply decreased. By Day 10 eating and drinking had essen-

tially ceased. Urinary creatinine values paralleled the food and water 

intake with values remaining constant until Day 8 at which time they 

began to decrease (Fig. 24). By Day 10 the animals were oliguric ~rlth 

only traces of urine detected in the collection cups. 

DBA-2 mouse urine contains large amounts of putrescine and 

1 N -acetylspermidine and much lesser amounts of spermidine, acetyl-

8 putrescine and N -acetylspermidine (as shown previously). Trace 

amounts of spermine were also detected in some urine samples, but con-

centrations were so low that consistent measurement was impossible. 

1 8 The N - to N -acetylspermidine ratio in the animals was approximately 

15 to 1. 

The presence of the tumor had a significant effect on urinary 

polyamine excretion. In the first 24 h urine all polyamines with the 

8 exception of acetylputrescine and N -a.cetylspermidine were excreted in 

elevated amounts (Fig. 25). This effect is consistently seen when the 

animals were handled and is primarily due to a decreased creatinine 

content of the urine. In the control animals the polyamine con-

cent rations return to normal 48-72 h after injection. In the tumor 

injected animals, putrescine concentrations remain elevated until 

120-144 h after tumor injection, at which time there is a 2-fold 

decrease in urinary putrescine concentrations. This precipitous fall 

in putrescine concentrations continues for the duration of the study 

with final concentrations approximately 1/3 of control. Spermidine 
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Fig. 24. Creatinine excretion in tumor injected and control mice. 
Day 0 represents a 24 h urine sample collected prior to injection. 
Twenty-four h urine samples were collected on various days of the study 
as noted. Values are means ± S.E. (n=3, duplicate determinations). 
** p < 0.05 
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Fig. 25. Putrescine and spermidine excretion in tumor injected (~ ) 
and control ( 0 ) animals. Day 0 represents a 24 h urine sample taken 
prior to injection. Twenty-four h urine samples were collected on 
various days of the study as noted. Values are means ± S.E. (n=3, 
duplicate determinations). 
* 0.1 > p > 0.05 ** p < 0.05 
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concentrations were also decreased at hours 120-144, with final con-

centrations V2 of control values. 

In contrast to the non-conjugated po1yamines, 

1 
N -acety1spermidine and acetyl putrescine were excreted in elevated 

amounts at hours 120-144 with concentrations increasing for the study's 

duration (Fig. 26). At the study's end, acety1putrescine and 

1 N -acety1spermidine concentrations were elevated 2- and 3-fo1d respec-

tive1y above control values. 8 N -acety1spermidine excretion was e1e-

vated at Day 5 and increased at a linear rate for the study's duration. 

1 Since N -acety1spermidine excretion was increasing at a much greater 

8 1 8 rate than N -acetyl spermidine, the N - to N -acetyl spermidine ratio 

increased from approximately 15 to 1 to 25 to 1. 

Urinary Polyamine Excretion by Fasting Mice 

Deprivation of food for 2 days caused a mean loss of 6 g of 

body weight with animals decreasing in weight from 29.34 ± 1.1 g to 

23.04 ± 2.4 g at the study's end. Polyamine excretion was affected in 

the starving animals and qualitatively this process was similar to the 

effect tumor growth had on the polyamine excretion of the mice 

(Fig. 27). Putrescine excretion was decreased 40 and 45% and 

1 N -acety1spermidine excretion was increased 200 and 260% 24 and 48 h 

respectively after the start of the fast. Creatinine excretion was 

also markedly affected by the fast with average creatinine values 

decreasing from pre-fasting concentrations of 32 mg/d1 to 22 and 

8 mg/d1 24 and 48 h respectively after starting the fast. 
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collected on various days of the study as noted. Values are means ± S.E. 
(n=3, duplicate determinations). 
* 0.1 > p > 0.05 ** p < 0.05 
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Urinary Excretion of Polyamines in Mouse and Human 
Leukemias Following Chemotherapy 

Methods and Materials 

Mice. Six to eight-week-old male DBA-2 mice were used as pre-

viously described. The P-388 lyphocytic leukemia tumor-line was used 

as described. 

Humans. ~10 male patients 19 and 31 years old with acute 

myelomonocytic leukemia and acute lymphocytic leukemia were studied. 
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Both patients had been previously treated and were entering the Arizona 

Health Sciences Center for a second course of chemotherapy. Both 

patients were considered to be without factors that might affect 

polyamine excretion with the exception of their primary disease. 

Informed consent was obtained from both individuals prior to the start 

of this study. 

Urine Collection. Mouse urine ~as collected as previously 

described. Human urine samples were collected in plastic containers 

which were kept refrigerated during collection. No preservatives were 

used. The volume of urine was measured and aliquots were stored at 

-20 0 until analyzed. 

Determination of Polyamines. Polyamine and mono-

acetylpolyamine analysis was performed as previously described. Human 

3 urine was mixed with an equal amount of 5% TCA, spun (5 x 10 g x 1 min) 

and the supernatant subjected to HPLC analysis. 

Polyamine Excretion Studies. Mice were divided into four test 

groups, one tumor control group and one chemotherapy control group, 

each containing five mice" On Day 0 the test and tumor control animals 
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6 
~vere injected LP. with 10 . P-388 leukemia cells in a volume of 0.2 ml 

Dulbecco's modified Eagle's medium, and then returned to the metabolic 

cages. One day after tumor implantation one group of test animals 

received a single injection of Adriamycin (10 mg/kg, Adria Labs, 

Wilmington, DE) and urine output collected at regular intervals for the 

duration of the study. This protocol was repeated in the other test 

groups on days 3, 5 and 7 after tumor implantation. Chemotherapy 

control animals were injected with 0.2 ml medium on Day 0 and then 

received Adriamycin one day after medium injection. Urine output was 

then collected at regular intervals for the duration of the study. A 

single 24 h urine prior to chemotherapy served as a control value for 

each test and chemotherapy control group. 

Patient A with the myelomonocytic leukemia was receiving a 

chemotherapeutic regimen consisting of high dose cytosine arabinoside, 

6-thioguanine and daunorubicin. Patient B with the lymphocytic leuke-

mia was treated with vincristine, adriamycin and prenisone. 

Statistical Analysis. Statistical differences were considered 

significant if P(0.05 as determined by the two-tailed t-test. All 

values reported are means ± standard errors from three separate experi-

ments. 

Results 

All animals in the chemotherapy control group survived greater 

than 35 days. The average survival in the tumor control and test 

groups are shown in Fig. 28. All animals injected with chemotherapy 

lived significantly longer than the animals which only received the 
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Fig. 28. Survival time of mice bearing P-388 tumor. Adriamycin 
(10 mg/kg) was administered at various times fol!m·1ing tumor 
implantation. Control animals received a single I.P. injection of normal 
saline one day after tu mor implantation. One animal receiving the 
chemotherapy one day after tumor implantation survived greater than 
40 days. Values represent the mean ± S.E. for 15 mice. Mean survival 
times ± S.E. were calculated by observing for death at 12 h intervals. 
* significant difference from control at p < 0.05. 



tumor. The average survival times in the test groups were inversely 

related to the length of time between tumor implantation and 

chemotherapy administration. Therefore, the longest survival times 

were found in those animals receiving chemotherapy one day after tumor 

implantation, and the shortest survival times in those animals treated 

5 and 7 days after tumor implantation. 

Following chemotherapy, polyamine excretion within groups of 

mice ~vere consistently elevated in either the 24 or 48 h urine collec-

tiona Therefore to compare the various groups, the 0-48 h urines were 

combined and averaged. Chemotherapy affected polyamine excretion in 

all animals studied and the polyamines which had the greatest response 

1 following chemotherapy were putrescine, N -acetylspermidine and sper-

midine. Fig. 29 shows the change in polyamine excretion following the 

injection of Adriamycin at various times after tumor implantation. 

Chemotherapy given to mice 3 days after tumor implantation results in 

elevatt~d excretion of both N1-acetylspermidine and putrescine above 

chemotherapy control values. Mice given chemotherapy 5 and 7 days 

after tumor implantation excreted increasingly elevated amounts of 

1 N -acetylspermidine. In contrast, in the same groups of animals 

putrescine excretion following chemotherapy did not increase with the 

increasing tumor burden. Spermidine excretion was generally decreased 

following chemotherapy, increasing only those groups of mice treated 5 

and 7 days after tumor implantation. By 72 h all polyamine con-

centrations were back to or below chemotherapy control values with the 

exception of putrescine excretion by mice treated 7 days after tumor 
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100 

following adriamycin injection into DBA-2 mice implanted with P-388 
leukemia. Groups of mice received chemotherapy on either day 1, 3, 5, 
or 7 after tumor implantation. The values on the left are polyamine 
excretion 0-48 h and on the right 72 h after chemotherapy injection. 
All values represent percent of a single 24 h control urine taken prior 
to chemotherapy as described. Chemo control animals received no tumor 
cells, but were injected with chemotherapy. Value are means ± S.E. 
(n=3, duplicate determinations). 
* significant difference from control at p<0.05. 
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implantation. The 96 h urine samples from these animals were back to 

control concentrations. 

Both human cancer patients responded clinically to the chemo-

therapy and the resultant acetyl polyamine excretion is shown in 

Fig. 30. 1 N -acety1spermidine excretion was increased 48 h after chemo-

therapy in both patients. 1 In the patient with ALL, N -acetyl spermidine 

excretion was elevated 2-fo1d from pretreatment concentrations 48 h 

after chemotherapy, fell below pretreatment concentrations 3 days later 

and was at this level 45 days after the initial drug treatment. The 

1 patient with AMML had a 3.S-fo1d increase in N -acety1spermidine excre-

tion 24 h after chemotherapy, remaining elevated until a subsequent 

course of chemotherapy was given four days later. 1 N -Acety1spermidine 

excretion rapidly decreased below pretreatment values following this 

treatment. 

1 In contrast to N -acety1spermidine, acety1putrescine and 

8 N -acetyl spermidine excretion were not as affected by chemotherapy. 

Acety1putrescine excretion increased approximately 2-fo1d in the 

patient with ALL and l.S-fo1d in the patient with AM}~ four and six 

days respectively after chemotherapy. 8 N -Acetyl putrescine excretion 

remained relatively constant throughout the study. As a consequence 

1 8 the N - to N -acety1spermidine ratio was acutely elevated following 

chemotherapy and subsequently decreased below pretreatment levels 

(Fig. 30). 
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Polyamine Excretion in Patients with Cystic Fibrosis 

Methods 

Patients. Urine samples were collected from patients 

positively diagnosed as cystic fibrosis homozygotes. Cystic fibrosis 

(CF) patients were either outpatients or inpatients with acute exacer-

bation of disease at the University of Arizona Health Sciences Center. 

Nine male CF patients (mean age 22, range 13-31), 6 female CF patients 

(mean age 21, range 6-36), 7 apparently healthy normal males (mean age 

31, range 20-42) and 5 apparently healthy females (mean age 21, range 

6-36) were studied. One CF patient, an inpatient at AHSC, was studied 

over an eight day period of time. 

Urine Collection. Twenty-four hour urine samples were 

collected in polyethylene containers. The containers were refrigerated 

during the collection period and no preservatives were used. 

Immediately after collection of the 24 h urine sample, two aliquots 

were taken. One aliquot was refrigerated for creatinine determinations 

and the other frozen at -20 0 for polyamine analysis. 

Conjugated and Free Polyamine Analysis. Polyamine analysis was 

performed as previously described. Acetylpolyamine analysis was 

slightly altered by the addition of ethanol to buffer C as previously 

described. The NaOH and NaCl are now added to 950 ml H20 and 50 ml 

ethanol. This modification of the buffer sharpens the N1_ and 

8 N -acetylspermidine peaks increasing the separation of these compounds 

from unknown urinary components. Free polyamine determinations were 

not performed on CF patients receiving aminoglycoside antibiotics which 
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interfere with non-conjugated polyamine analysis. Other drugs which 

the CF patients were routinely taking did not interfere with free 

polyamine analysis. 

Creatinine Determinations. Creatinine values were determined by 

the direct procedure on a refrigerated aliquot of the 24 h urine 

collection. All creatinine values were determined within 2 days of 

collection. 

Results 

Tables XIII and XIV show the acetylpolyamine and polyamine 

excretion by male and female CF patients and controls. The mono-

acetylated conjugates of the polyamines were the primary excretory form 

of the compounds detected in both CF and control urines. Only trace 

amounts of the non-conjugated polyamines were detected in urine from 

controls, while some CF patients excreted large amounts of non-

conjugated putrescine. Statistical analysis of the acetylpolyamine 

data by 2-way ANOVA by group and sex showed only group differences for 

all parameters. Therefore for statistical evaluation of the data, 

males and females in both groups were combined. 

When acetylpolyamine excretion was normalized to urinary 

creatinine concentrations, CF patients excreted elevated amounts of 

1 N -acetyl spermidine and N-acetylputrescine which were statistically 

significant when compared to control values (Fig. 31). These values 

may be artificially elevated for CF patients excrete lesser amounts of 

creatinine per 24 h when compared to controls (Fig. 32). Indeed when 

the acetylpolyamine content of the 24 h urines were compared, the 
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TableXll1 

Ac Polyamine Excretion In ~/24 H (~g Cr) 

Norma I Ma I es 
N liN 8 

1 8 Cr 
Age AcPut N AcSpd N AcSpd Ratio mg/ml ml Urine 

RS 32 33.7 (21.6) 8.5 (5.5 ) 7.5 (4.8) 1.14 0.5 3120 
WB 30 42.1 (20.4) 13.7 (6.7) 11.0 (5.4) 1.24 2.0 1030 
TR 20 15.2 (7.7) 7.5 (3.8) 4.2 (2.1 ) 1.77 2.3 860 
J~I 24 27.8 <19.5 ) 4.9 <3.4) 5.0 <3.5) 0.98 1.9 750 
EJ 34 32.3 (21.9) 2.1 (1 .4) 1.6 <1.1) 1.33 0.8 1850 
KB 42 53.3 <19.2) 13.6 (4.9) 7.3 (2.6) 1.86 2.2 1260 
RD 38 17.7 <13.0) 1.8 (1 .4) 2.4 (1 .8) 0.75 0.9 1465 

31.7 ± 5.1 7.5 ±,.8 5.6 ±,.3 1.3 ±o.2 
(17.6 ± 2.0) <3.9 ±o.8) <3.0 ±2.8) 

Normal Females 1 8 
1 8 N IN Cr 

Age AcPut N AcSpd N AcSpd Ratio mg/ml ml Urine 

M.. 30 22.1 (27.1) 2.3 (2.8) 2.0 (2.5) 1 .1 1.2 680 
AN 31 28.3 (27.8 ) 4.3 (4.3) 2.6 (2.6) 1.7 1.0 1020 
AV 28 25.4 (20.7) 5.3 (4.3) 3.5 (2.9) 1.5 1.2 1025 
SR 9 23.4 (25.9) 4.6 (5.1) 2.4 (2.7) 1.9 2.1 430 
RR 7 18.5 (21.8) 2.4 (2.8) 1.1 (1 .3) 2.1 1.7 500 

23.5±,.5 3.8 ±0.6 2.3 ±o.4 1.7 ±o.2 
(24.6 ± 1.4 (3.9 ±o.5) (2.4 ±o.3) 

CF Patients - Males 

Age AcPut 
1 

N AcSpd N 8 AcSpd Ratio mg/ml ml Urine 

I'/C 28 46.1 (49.2) 10.7 (11.4) 3.3 (3.5 ) 3.2 0.5 1875 
JP 26 53.9 (66.5) 8.7 (6.5) 1.6 <1.2) 5.4 0.3 2700 
WP 28 34.5 (15.4) 22.9 <10.1) 5.7 (2.5) 4.0 1.5 1500 
SS 13 25.4 (25.4) 18.2 (18.2) 4.5 (4.5 ) 4.0 1.0 1000 
RN 31 27.3 <30.3) 6.5 (7.2) 2.8 (3.1 ) 2.3 0.3 3000 
TC 16 43.7 (27.4) 25.7 <16.1) 7.4 (4.7) 3.5 0.6 2650 
KM 13 51.6 (31.3) 10.9 (6.6) 2.1 <1.3) 5.1 1.5 1100 
MS 17 32.8 (18.7) 14.4 (8.1 ) 2.9<1.7) 5.0 1.6 1100 
RI 26 33.6 <31.5) 3.4 (3.3) 1.0 (0.93) 3.4 0.7 1520 

38.8 ± 3.5 13.4 ± 2.5 3.5 ±o.7 4.0±o.3 
(32.9 ± 1.8) (9.7 ± 1.6) (2.6 ±o.5) 

CF Patients - Females 1 8 
1 8 N IN Cr 

Age AcPut N AcSpd N AcSpd Ratio mg/ml ml Ur Ine 

JM 28 39.4 (20.7) 23.9 ( 12.5) 2.3 (1.2) 10.4 0.6 3180 
SR 36 27.2 <38.4) 7.5 C1 0.9) 2.3 (3.3) 3.2 0.6 1150 
RB 6 30.0 (61.0 ) 7.6 <15.5) 1.4 (2.9) 5.4 0.6 820 
AM 8 24.6 <37.8) 6.5 <10.0) 1.9 (2.9) 3.4 1.3 500 
DR 26 28.5 (30.9) 9.4 (10.2 ) 2.0 (2.2) 4.7 0.4 2310 

29.9 ± 2.5 11.0 ± 3.3 2.0 ±o.2 5.5 ±1.3 
(38.0 ± 6.6) <11.8 ± 1.0) (2.5 ±o.4) 
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Table XIV 

Acetylspermidine and Parent Polyamine Concentrations in ~M/24 h 

1 a Nl INa 
N AcSpd N AcSpd Put Cad Spd Spm Ratio 

CF Patients 

1 SP 17.1 6.3 6.5 tr. 2.5 1.7 2.7 
2 WP 25.8 7.7 15.2 tr. 1.5 3.6 3.4 
3 SR 7.6 1.4 . 1.3 1.2 1.0 2.4 5.4 
4 RI 3.4 1.0 0.5 1.3 tr. 2·.7 3.4 
5 KM 10.0 2.4 1.4 tr. 0.9 1.3 4.2 

Normals 

1 VM 5.3 3.5 1.1 n.d. 0.6 0.9 1.5 
2 BB 8.5 7.5 2.5 n.d. 0.8 3.8 1.1 
3 RB 13.6 6.3 1.7 tr. 0.7 1.4 2.2 
4 BM 4.3 3.6 0.6 0.5 0.4 0.6 1.2 
5 JR 2.3 2.0 tr. n.d. 1.6 n.d. 1.2 

n.d. = not detectable 
tr. = trace 

The acetylspermidine and unconjugated polyamine content of urine from 5 
normal volunteers and 5 CF patients were determined as described in text. 
Unconjugated polyamine excretion could not be determined from certain CF 
patients because of aminoglycoside interference. 
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Fig. 31. Acetylpolyamine excretion in control and CF patients. Values 
were from 24 h urine collections and normalized to creatinine excretion. 
Values are means ± S.E. (Control n=12 and CF n=14, each sample was done 
i~ duplicate). CACPUT = calculated ace~ylputrescine; CNI = calculated 
N -acetylspermidine; CN8 = calculated N -acetylspermidine. 
* p < 0.0.5 



l.S-1i""""-----------------, 

1.4 

:c 
~ 
~ 1.3 
Z 
Z 

~ 
1.2 W 

0:: 
0 

" 1.1 

CTRL CF 

Fig. 32. Creatinine excretion in control and CF patients. Values 
represent total creatinine excretion collected from 24 h urine samples. 
Values are means ± S.E. (Control n=12 and CF n=14, each sample was done 
in duplicate). 
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Fig. 33. Acetylpolyamine excretion in control and CF patients. Values, 
means ± S.E., were from 24 h urine collections (control n=12 and CF n-14, 
each sample was done in duplicate). 
* p < 0.05 
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1 8 Fig. 34. N - to N -Acetylspermidine ratio in control and CF patients. 
Values were from 24 h urine collections. Ratio is group mean ± S.E. 
(control n=12 and CF n-14, each sample was done in duplicate). 
* p < 0.05 
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differences between CF and control acetyl polyamine excretion were 

1 decreased with only CF N -acetylspermidine excretion significantly ele-

vated above control values (Fig. 33). Though there were many overlaps 

between acetylpolyamine values in the two groups, the N1_ to N8-ratio 

was always elevated in the CF patients (Fig. 34). The daily variation 

in the excretion of the acetylated polyamines in a single CF patient 

was very low, with the marked elevation in the N1_ to 

8 N -acetylpolyamine ratio a consistent finding (Fig. 35). 
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Fig. 35. Acetylpolyamine excretion from a CF patient collected over an 
8 day period. Five 24 h urine samples were collected and assayed in 
d~plicat~. Acetylpolyamine excretion remained relatively stable with the 
N - to N -acetylspermidine ratio consistently elevated. 



DISCUSSION 

As demonstrated in this dissertation, the monoacetyl con-

jugates of the polyamines putrescine, cadaverine and spermidine are the 

major, if not sole, excretory forms of these compounds in human urine. 

This observation is based upon the following observations: [1] 

Following the intravenous injection of [14C]spermidine into humans, the 

clearance of the tagged compound was extremely rapid while the elimina-

tion half-life of the radiolabel into urine was prolonged. This result 

suggests that the radiolabel was being taken up from blood and se-

questered in a body compartment, probably tissues. [2] Subsequent 

1q 
pharmacokinetic studies of [ C]spermidine in the rat demonstrated that 

14 the C was rapidly cleared from blood and was excreted over a pro-

longed period into urine in a similar manner to humans. The hypothesis 

that the rapid clearance of [14C]spermidine from blood was due to 

tissue uptake of the radiolabel was confirmed in the rat. All rat 

tissues that were studied had the ability to take up exogenously admin

istered [14C]spermidine. Furthermore, the radiolabel in the tissues, 

initially in the form of the parent compound spermidine, eventually 

distributed into the putrescine and spermine pools in all tissues. 

14 Although complete equilibrium of the injected C with the endogenous 

polyamine pools was not achieved, these results suggested that the 
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radiolabeled and endogenous polyamines were being metabolized in the 

rat in a similar manner. 14 Since the rate processes o~ C turnover in 

humans was similar to that in the rat, it seemed likely that the 

metabolism of the radiolabel compound was a good marker for endogenous 

polyamine metabolism in humans. [3] The conjugated polyamine(s) was 

shown to be a small molecular weight compound(s) and could therefore be 

subjected to HPLC analysis. The chromatographic analysis of the 

14 [ C]spermidine derived radiolabel in human urine demonstrated that the 

14 only radiolabeled product which regenerated [ C]spermidine upon acid 

hydrolysis, co-chromatographed with an acetylspermidine standard. 

Subsequent analysis by GC-mass spectroscopy and TLC of the endogenous 

compound which co-eluted with the radiolabeled product, demonstrated 

unequivocably the presence of monoacetylspermidine. The acid hydroly-

sis of the total HPLC eluent, with the exception of those fractions 

containing acetyl~permidine and spermidine, did not regenerate any 

spermidine as determined by HPLC analysis, strongly suggesting that the 

acetyl conjugate of spermidine was the sole conjugated product of the 

polyamine in human urine. Since spermidine is an asymetric molecule, 

1 8 two monoacetyl spermidine isomers, N - and N -acetylspermidine, are 

possible. TLC and HPLC analysis documented the presence of both iso-

mers in an approximate ratio of 1 in human urine. Using similar metho-

dologies, the monoacetyl conjugates of putrescine and cadaverine were 

also found to be the major excretory forms of these compounds in human 

urine. Table VIII chows the structure of the naturally occurring 

monoacetylpolyamines found in human urine. Recent studies have con-

firmed these observations and the significance of acetylpolyamine 



excretion into urine will be covered more fully later in this 

discussion. 

Polyamine Acetylation 

The acetylation of the polyamines was first described as a 

metabolic product of the micro-organism E. coli by Dubin and Rosenthal 

(125). They found micromolar concentrations of monoacetylputrescine 

and monoacetylspt!L"wim::, wLdch existed as both N1_ and 

8 N -acetyl spermidine in a one to one ratio. Manipulation of the bac-

terial cultures by the addition of micromolar concentrations of sper-

ll5 

midine or increasing the pH of the cul~ure media enhanced the formation 

of the monoacetylspermidines but not monoacetylputrescine. Spermine, 

which was not detected as an endogenous product of E. coli, when added 

14 to the bacterial cultures as a [ C]radiolabeled compound, was found to 

be both mono- and di-acetylated. From these results Dubin and 

Rosenthal suggested that polyamine acetylation was a homeostatic mecha-

nism which protected the E. coli from its environment in two ways:, (1) 

acetylation by decreasing the amount of intracellular polycations 

during a time of excess polyamine uptake from the cellular mileau, pro-

tect the bacteria from deleterious ion imbalance; (2) acetylation 

decreases the amount of free intracellular spermidine at an alkaline pH 

when the bacteriocidal properties of this polyamine is greatly 

enhanced. Subsequent studies by the Tabors and coworkers demonstrated 

that the large amount of acetylated polyamines detected in E. coli was 

due to the rapid cooling of the bacteria prior to polyamine analysis 

(126,127). They found that E. coli stored at 6° for 2 h contained as 
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much as 10% of the putrescine and 60% of the spermidine as the mono

acetyl conjugates. E. coli not cooled prior to harvesting and analysis 

contained less than 2% of the total polyamines as the acetyl derivati

ves. However, temperature had no effect on the increased spermidine 

acetylation detected in E. coli exposed to high concentrations of exo

genous spermidine. These results both modified and confirmed the 

conclusions of Dubin and Rosenthal. It was now apparent that the 

increased polyamine acetylation detected in E. coli as a response to 

cold exposure was due to a decreased intracellular demand for the 

polyamines which were subsequently inactivated by acetylation. Also, 

increased bacterial spermidine acetylation when the E. coli were grown 

in the presence of excess spermidine was an apparent attempt by the 

bacteria to decrease the intracellular concentration of this poten

tially lethal amine. 

The acetylation of the polyamines in mammalian tissue was first 

described by Perry and coworkers in 1966 during a general screen for 

amines in the human brain (128). They identified 11 amine containing 

compounds from brain extracts, including putrescine, spermidine and 

spermine. In addition to the known compounds, they also detected 5 

unknown compounds, one of which was detected in large concentrations in 

human urine. A large amount of unknown was isolated by preparative 

cation-exchange chromatography and when acid hydrolyzed yielded 

putrescine. Analysis of the urinary putrescine containing compound by 

paper chromatography identified the unknown compound as acetyl

putrescine which was the same compound detected in the brain. 

Subsequently using the more sensitive dansylation procedure, Seiler 
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demonstrated the presence of monoacetylputrescine in mouse brain, 

liver, kidney, lung, spleen, testes and heart and rainbow trout brain 

(129,130). The concentration of monoacetylputrescine detected in mouse 

tissue was exceedingly small, ranging from 0.1-5nmol/g mouse tissue. 

The concentration of this compound was slightly higher in the fish 

brain ranging from 1-5 n mol/g. The biological significance of 

monoacetylputrescine at that time was unknown. 

Acetylspermidine was first isolated from mammalian fluids by 

Nakajima and coworkers in 1969 (131). Nakajima's group was attempting 

to follow up on a study by Holder and Bremer which demonstrated the 

presence of large amounts of spermidine and spermine in the urine of 

children with vitamin D deficiency (132). Nakajima's group could not 

detect spermidine or spermine in the urine of normal children but did 

consistently recover a ninhydrin positive compound with the charac-

teristics of a polyamine. Subsequent analysis of the unknown compound 

by paper chromatography and electrophoretic techniques demonstrated the 

1 presence of N -acetylspermidine. Interestingly, this group did not 

8 detect N -acetylspermidine even though they assayed for it. 

The first comprehensive study on the content of the acetylated 

polyamines in human urine samples was conducted and published in a 

series of 3 papers by Abdel-Monem and Ohno in 1977-78 (115,133,134). 

By this time it l'laS known that the polyamines were excreted by humans 

into urine primarily as acid hydrolyzable conjugated products, and the 

concentration of these conjugates was elevated in the urine of cancer 

patients. Abdel-Monem and Ohno used a combination of high performance 
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liquid chromatography (HPLC) and thin layer chromatography to unequivo-

1 cably demonstrate the presence of N -monoacetylputrescine, 

1 1 8 N -monoacetylcadaverine and N - and N -monoacetylspermidine in the 

urine of cancer patients and normal controls. The ratio of N1_ to 

8 N -acetylspermidine was found to be approximately 0.9 in normals and 

greater than 10 in a patient with malignant melanoma. This was the 

1 8 first demonstration that the N - to N -acetylspermidine ratio may be an 

indicator of pathology. Furthermore they suggested that the monoacetyl 

conjugate of the polyamines was the primary urinary excretory form of 

these compounds in humans. Unfortunately the concentrations of the 

acetylpolyamines in urine reported by this group was only a fraction of 

the total urinary polyamines reported by many other groups following 

acid hydrolysis of human urine. The discrepancy between the con-

cent ration of the acetylpolyamines and total polyamines de'tected in 

urine suggested that other unknown polyamine conjugates still existed. 

Subsequent reports by Rosenblum and Russell suggested that the primary 

polyamine conjugate was a peptide, further suggesting that other 

polyamine conjugates existed in human urine (116). Our data 

demonstrated that monoacetylpolyamine conjugates were the sole 

polyamine derivatives excreted into urine. 

The Enzymology of Acetylpolyamine Formation 

The enzymes to1hich acetylate the polyamines were first 

descxibed by Seiler and Al-Therib in 1974 (135). They found that rat 

brain homogenates had a tremendous capacity to acetylate putrescine, 

with lower capacities detected in the kidney and gut. The primary 
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putrescine acetylating activity w'as found to be associated ~vith micro-

somal preparations and in purified nuclei. This enzyme was apparently 

not related to arylamine acetyl transferase, a cytosolic enzyme which is 

important in the biological inactivation of drugs. That the two 

enzymes were distinct entities was further documented by the demonstra-

tion that typical substrates of aryl amine acetylase, isonicotinic acid 

hydrazide and p-aminobenzoic acid, did not compete with putrescine as 

substrates the the putrescine acetyl transferase. From these results 

Seiler and Al-Therib hypothesized that putrescine N-acetyltransferase 

~vas a specific enzyme for the polyamine. 

In a sub~equent and more comprehensive study, Blankenship and 

Walle in 1977 described the enzymatic acetylation of putrescine, sper-

midine and spermine by isolated chromatin preparations from rat liver, 

kidney, brain and spleen (136). The chromatin associated enzyme which 

formed the monoacetyl derivatives of the polyamines was dependent on 

acetyl-CoA for activity. The preferred substrate for the enzyme was 

spermidine followed in order by spermine and- then putrescine. In addi-

tion to the chromatin associated polyamine acetylating enzyme, they 

found a very strong polyamine deacetylating enzyme in the cytoplasmic 

fraction of rat liver. From these results Blankenship and Walle 

hypothesized that the amount of acetylated polyamines in tissues, and 

subsequently urine, would depend on the relative rate of polyamine ace-

tylation and deacetylation. In a follow up study, they found that in 

the presence of spermidine, the only product of the chromatin asso

ciated enzyme was N8-acetylspermidine (137). 
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The enzymes responsible for the nuclear polyamine acetylation 

have been recently characterized by Libby (138,139). He found two very 

similar polyamine acetyltransferases which also had the ability to 

acetylate histones. Although the two purified enzymes exhibit similar 

properties, there are key differences. First the binding of the 

enzymes to phosphocellulose was different, one enzyme binding strongly 

amd the other not at all. Second, the pH activity profiles of the 

enzymes were different when his tones are used as substrates, but not 

when spermidine was a substrate. Third, although both enzymes prefer 

histone 3 as the acetyl receptor, other histones were acetylated at 

appreciably different rates by the two enzymes. Lastly, the addition 

of DNA to the reaction mixtures effects the activity of the enzymes in 

differing ways. Therefore, it is apparent that there are at least two 

separate enzymes which acetylate spermidine in the cell nucleus and the 

apparent function of this process will be considered later in this 

discussion. 

The Sites of Acetylpolyamine Formation 

Even though enzymes which acetylate polyamines have been 

demonstrated in various vertebrate tissues and the acetylated products 

of these enzymes have been detected in the urine of various mammalian 

species, only acetylputrescine had been demonstrated to exist in mouse 

and rat tissues; the site of spermidine acetylation was unknown. As 

demonstrated in this dissertation, spermidine acetylation is probably a 

universal event, occurring in every cell which contains polyamines. 

The concentrations of these compounds are very low with only trace 
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amounts detectable by o-pthalaldehyde derivatization. Due to the small 

concentration of the acetylated polyamines in the tissues, radiolabeled 

spermidine was used to demonstrate and confirm the presence of acetyl-

spermidine. 

14 In preliminary studies using [ C]spermidine as a marker, we 

could not detect acetylspermidine in certain tissues when the animals 

were first sacrificed prior to tissue excision and processing. 

Surgical excision from anesthetized animals and rapid tissue processing 

increased the concentration of acetylspermidine detected in all 

tissues. This may suggest that catabolism of the acetylated polyamine 

is rapid in the tissues of the expired animal. 

The percentage of the total radioactivity existing as acetyl-

spermidine in the surgically excised tissues was very low. The thymus 

contained the largest percentage of acetylspermidine which comprised 

almost 1.9% of the total radiolabel in that tissue. The percentage of 

radiolabeled acetylspermidine in the other tissues was much lower, with 

between 0.25 and 0.66% of the radiolabel existing as acetylspermidine. 

The acetylspermidine contained in the tissues existed primarily as the 

1 8 N -acetyl isomer, though the N -isomer was found in all tissues. The 

1 8 ratio of radiolabeled N - to N -acetylspermidine varied from an 

approximate 5 to 1 ratio in the thymus to 1.5 to 1 in the liver. It is 

unknown if this ratio of radiolabeled N1_ to N8-acetylspermidine 

reflects the endogenous tissue ratio of these compounds. These 

findings were recently supported by the findings of Abdel-Monem and 

Merdink, who measured the endogenous acetylspermidine concentration of 

various rat tissues by high performance liquid chromatography (140). 
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They were able to measure tissue acetyl spermidine by first forming the 

dansylderivatives of the polyamines, extracting the derivatized 

polyamines into chloroform and then quantitating them using a three-

step chromatographic separation. They detected small amounts of 

acetylspermidine in rat tissues vrlth the lung and spleen containing an 

estimated 2 ng of the acetylated polyamine per g of tissue. The 

acetylspermidine was primarily in the form of the N1-isomer with lesser 

amounts of the NB-isomer detected. These results are consistent with 

the findings in this dissertation. 

1 The relatively large concentration of N -acetylspermidine 

detected in the thymus may reflect the high lymphocyte content of this 

organ. Menashe and coworkers, studying radiolabeled acetyl spermidine 

turnover in stimulated human lymphocytes, found approximately 15% at 48 

hand 20% at 72 h of the total radio labeled spermidine existing as the 

! N -acetyl derivative (141). Furthermore) these authors also found that 

1 the lymphocytes retained most of the N -acetylspermidine with 50 to 60% 

found intracellularly and the rest in the growth media. The ratio of 

radiolabeled acetylspermidine to spermidine they detected in these 

cells was the highest of any reported eukaryotic cell system and even 

exceeded the ratio detected in cooled cultures of E. coli. 

Even though all rat tissues studied by us were shown to contain 

acetylspermidine, the exact site of formation of these compounds was 

still unknown. The possibility still existed that the acetylpolyamines 

were being formed in a different tissue than the one in which they were 

detected. In order to rule out the possibility that tissue acetylpoly-

amine concentrations were the result of tissue binding or uptake of a 



compound produced else,.,here, the acetylspermidinp. content of an 

isolated cell system "laS investigated. 

As shown in this dissertation, Chinese hamster ovary cells 

14 which were gro'ID in the presence of [ C] spermidine form radio labeled 

acetylspermidine. The concentration of the radiolabeled spermidine 

conjugate is quite small comprising less than 0.25% of the total 
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radiolabel content of the cells. The radiolabeled acetylspermidine was 

found to exist in an approximately 2 to 1 N1/N 8 ratio which is con-

sistent with the concentration of these compounds found in the rat 

tissues. 
1 This was the first demonstration of N - and 

N8-acetylspermidine existing together in an isolated cell system. Both 

1 8 N - and N -acetyl spermidine were subsequently detected in chick embryo 

fibroblasts by Bachrach and Seiler (142). In their study the ratio of 

1 8 N - to N -acetylspermidine was approximately one, the lowest ratio 

detected in any tissue or cellular fluid measured to date. Though the 

N1
_ to N8-acetylspermidine ratio was low, this finding confirmed the 

results presented in this dissertation that the intracellular formation 

of N1
_ and N8-acetylspermidine is a an apparent universal event in 

eukaryotic tissues. 

The formation of radiolabeled acetyl spermidine by the CHO cells 

gave no insight into the quantity of the endogenous acetylspermidine. 

6 In the initial studies using 10 cells, HPLC analysis of the cell 

extract failed to demonstrate the presence of endogenous acetyl-

spermidine, suggesting that the concentration of acetylspermidine in 

6 Chinese hamster ovary cells was less than 15 pM/I0 cells. Since the 
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ratio of radiolabel acetylspermidine to spermidine in the cells was 

approximately 0.0025 to 1 and the Chinese hamster cells contained 20 nM 

6 of spermidine/l0 cells, it was hypothesized that endogenous acetyl-

spermidine should be detectable if the total number of cells was 

8 increased to 2.5 ,~ 10 • As demonstr.ated in this dissertation this 

hypothesis proved to be correct, as a small amount of acetylspermidine 

was detected by HPLC analysis following extraction of the cell sap from 

8 2.5 x 10 .cells. This acetylspermidine concentration though demonstra-

table by fluorescence, could not be confirmed or the N1/N 8 ratio deter-

mined by thin layer chromatography, because of the small total amount 

of the acetylated polyamine. That the compound was acetylspermidine 

was confirmed by collecting the underivatized HPLC eluent of the cell 

extract with the same retention time as an acetylspermidine standard. 

This collected eluent was then acid hydrolyzed (6NHCl, 16 h, 105°), 

evaporated and rechromatographed on the polyamine analyzer. The only 

o-pthalaldehyde positive peak detected after acid hydrolysis of the 

putative acetylspermidine was the parent compound spermidine, with all 

fluorescent products that chromatographed with acetyl spermidine dis-

appearing. This result was proof that endogenous acetylspermidine was 

being produced by the cell, but at very low' concentrations. Endogenous 

1 N -acetylspermidine has since been demonstrated in human plasma, rat 

liver from food deprived animals or induced with drugs and in the 

hamster epididymis. In all of the tissues that acetylspermidine has 

been detected, the concentrations have been exceedingly low, even in 

intact cells. 
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The Function of Cytosolic Polyamine Acetylation 

The most obvious explanation for both the low tissue concentra

tions and high urinary concentration of the acetylated polyamines was 

because these compounds were true excretory products of the cell. 

While acetylation does decrease the polar characteristic of these com

pounds allowing for the easier transport of these compounds across 

biological membranes, polyamine acetylation also has a more important 

role in controlling the concentration of intracellular polyamines. 

Since the early work of Bachrach it was known that in bacteria, 

putrescine could be oxidatively deaminated by the enzyme diamine oxi

dase to form y-aminobutyric acid (146-148). In mammalian cells the 

formation of y-aminobutyric acid was thought only to occur in inhibi

tory neurons by the decarboxylation of glutamic acid by glutamic acid 

decarboxylase. The subsequent finding of y-aminobutyric acid in the 

kidney and other tissues not connected with inhibitory neurons 

suggested that y-aminobutyric acid may be formed by alternative path

ways, including the oxidative decarboxylation of putrescine. In the 

early 70s Seiler and coworkers demonstrated the incorporation of 

putrescine carbon into y-aminobutyric acid in rat brain and liver, in 

mouse brain and liver and in fish brain (149-151). In all these 

studies it was shown that the transformation of putrescine into 

y-aminobutyric acid occurs by a direct path\'lay which does not include 

glutamic acid as an intermediate. Since glutamic acid is rapidly oxi

dized in non-neuronal tissues into succinic acid semi-aldelhyde and 

subsequently into succinic acid, it was assumed that this was a 
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mechanism to channel polyamine carbon into the tricarboxylic acid 

cycle. The enzymatic reactions involved in this reaction were unknown. 

It ~'1aS assumed that the oxidative deamination of putrescine 

occurred in a similar manner to that in bacteria, that is through the 

action of'the ubiquitous enzyme diamine mcidase. How'ever, diamine 

oxidase activity in mammalian brains is extremely low and could not 

account for the level of putrescine oxidation in this tissue (152). 

In addition it was shown by Kremzner that putrescine oxidation by sheep 

brain homogenates was inhibited by a monoamine oxidase inhibitor rather 

than a diamine oxidase inhibitor (153). The only mono-amine shown to 

exist in the brain which contained putrescine carbon was monoacetyl 

putrescine. The demonstration by Seiler and Al-Therib of an active 

putrescine acetylating enzyme suggested a pathway in which acetylation 

represents the first step and oxidation of the acetylated polyamine by 

monoamine oxidase the second step in the formation of y-aminobutyric 

acid (151). This reaction was subsequently shown to occur by Seiler's 

group in a variety of vertebrate brain tissues (151). Putrescine 

acetylation as a requirement for the oxidative deamination of this com

pound has not been demonstrated in other tissues and may only be a 

minor pathway. Even though putrescine acetylation and subsequent cata

bolism by monoamine oxidase probably only occurs in a few tissues, the 

demonstration by Seiler and coworkers of the requirement of polyamine 

monoacetylation for the further metabolism of these compounds was an 

important concept which had major implications for cellular polyamine 

regulation. 
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As discussed in great detail in the Introduction, the bio

synthesis of the polyamines require enzymes which are found in the cell 

cytosal in both eukaryotic and prokaryotic cells. The initial step in 

the formation of the polyamines is the decarboxylation of ornithine by 

ornithine decarboxylase (ODe) to produce putrescine. Putrescine is 

then acted upon by two separate aminopropyl transferases, forming first 

the triamine spermidine and then the symetric tetra-amine spermine. 

This synthetic reaction is also known to operate in the reverse direc

tion with spermine being converted into spermidine and spermidine into 

putrescine. As demonstrated in this dissertation, every tissue or cell 

system studied had the ability to convert radiolabeled spermidine into 

putrescine. Though it was thought that the enzymes responsible for the 

catabolic polyamine cycle were the same enzymes which participate in 

the synthetic cycle working in the reverse direction, no evidence was 

produced to support this conclusion. The first potential mechanism for 

the polyamine catabolic cycle was advanced by Holtta who isolated and 

characterized tissue polyamine oxidase (154). This flavin containing 

enzyme had the ability to convert spermine into spermidine and sper

midine into putrescine directly, with the formation of a stoichemetric 

amount of 3-aminoproprionaldehyde. Polyamine oxidase was therefore 

thought to be a major participant in the polyamine catabolic pathway. 

That the enzyme was not solely responsible for the catabolic pathway 

was evidenced by the requirement of the enzyme for high concentrations 

of aldehydes (5 mM benzaldehyde for example) to operate at a maximal 

activity when using spermidine or spermine as substrates. In addition 
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the activity of this enzyme was not inducible by agents, such as carbon 

tetrachloride, grm'1th hormone or thioacetamide, ~'1hich were known to 

increase the activity of the polyamine catabolic cycle. Since the 

amount of free polyamines' in the cell are thought to be small, the true 

phyiological role of this enzyme was unknown. Seiler, drawing on his 

previous findings lrlth putrescene acetylation, proposed that polyamine 

acetylation played a key role in polyamine catabolism. 

Since the activity of polyamine oxidase required the presence 

of roM concentrations of aldehydes, Seiler hypothesized that the 

aldehydes were forming Schiff bases with the polyamines, thereby 

removing the charge from the primary amine groups and thereby making 

the polyamines substrates for polyamine oxidase (155). Acetylation of 

the polyamines primary amine group would also remove the charge from 

the primary amines, and in a series of papers Seiler's group demon-

strated that the monoacetylpolyamines were better substrates than 

the parent polyamines for polyamine oxidase (142,155-158). They showed 

that the monoacetyl derivatives of either spermidine or spermine 

increased the rate of catabolism of these compound's by greater than 

40-fold. They found that polyamine oxidase has very strict substrate 

requirements with only polyamines acetylated on the amino propyl moiety 

of the molecule serving as substrates for the enzyme. Therefore 

1 1 N -acetylspermidine and N -acetylspermine served as substrates for the 

8 enzyme but N -acetylspermidine, which contains the acetyl group on the 

butryl-moiety, was not act~d upon by the enzyme. Likewise the 
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acetylated diamines putrescine or diaminopropane do not serve as 

substrates for polyamine oxidase. 

The demonstration by Seiler of the importance of polyamine 

acetylation had on the catabolism of these compounds was followed very 

rapidly by the characterization of the cytosolic polyamine specific 

acetyl-transferases. In a series of papers by Pegg and coworkers, they 

demonstrated, not surprisingly, that the only products formed in vitro 

1 by these enzymes were the N -acetylderivatives of spermidine and sper-

mine (159-162). The activity of the cytosolic enzyme could be induced 

100-fold in rodent liver with the same compounds (carbon tetrachloride, 

thioacetamide, etc.) which had been shown to increase the rate of 

polyamine catabolism (159,160). More importantly, the activity of the 

cytosolic acetylase was shown to be maximally stimulated at the same 

time the rate of polyamine catabolism was maximal. Drug treatment had 

no effect on polyamine oxidase activity; therefore, the rate 

controlling step in the catabolic polyamine cycle was apparently the 

cytosolic acetylation of the polyamines spermidine and spermine 

(159,160). The physiological function of this process remains unknown 

except that the increased acetylase activity increases the rate and 

amount of polyamine carbon converted into putrescine (161,162). The 

only other source of putrescine is the de novo biosynthesis of the com-

pound from ornithine by ODC. It is intriguing that in the studies of 

Pegg, the appearance of the acetyl transferase in rat liver preceded the 

maximal activity of ODC by several hours, with the acetyltransferase 

producing a 40-fold increase in the liver putrescine content before ODe 

induction (161). 
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That polyamine acetylation is important in the catabolic poly-

amine path,qay is based on three maj or points. Firs t, the demons tration 

1 by Seiler that the N -acetylpolyamines are substrates for polyamine 

oxidase. Second, the demonstration by Pegg that there is a specific 

inducible enzyme isolated from rat and mouse liver that forms the 

1 
N -acetyl derivatives of the polyamines. Third, as demonstrated in 

this dissertation, all cells and tissues have the apparent ability to 

form the N-acetylated polyamines. 1 The N -acetylated derivative of 

spermidine exists in very small concentrations in the unstimulated 

cellular tissue for t~qO reasons. First, it is an excellent substrate 

for p,)lyamine oxidase. Second, it is an apparent excretory product of 

animal tissues which is found in high concentrations in urine. From 

the work of Seiler and Pegg it would be predicted that 

1 N -acetylspermine would also be present in cellular tissue or fluid. 

Despite exhaustive attempts by this investigator, using radio labeled 

spermidine or spermine as precursors, no evidence for this compound 

existing in vivo could be demonstrated. Indeed, the only system in 

1 
which N -acetylspermine could be demonstrated in'vivo is in the mouse 

liver stimulated by carbon tetrachloride, where it exists in pM quan-

tities (157). 1 The reason that N -acetylspermidine has not been 

demonstrated in any other tissue is because this compound is the 

apparently preferred substrate for polyamine oxidase and is completely 

converted to spermidine as soon as it is formed. The reason that small 

amounts of this compound were found in the stimulated mouse liver was 

due to the low polyamine oxidase content of this tissue, which became 

saturated with N-acetylpolyamines following stimulation. 



The Function of Nuclear Polyamine Acetylation 

1 In addition to the N -acetylated polyamine derivatives, as 

demonstrated in this dissertation, all cells and tissues have the 

8 apparent ability to make N -acetylspermidine. As previously described 

8 N -acetylspermidine is the sole polyamine product produced by the 

nuclear acetyl-transferases (136,137). The metabolic fate of this 

acetylated polyamine is largely unknmvn. Blankenship has described an 
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enzyme detected in the 100,000 g supernatant of a variety of tissues 

8 which deacetylate N -acetylspermidine to form the parent compound sper-

midine (163). This enzyme is apparently distinct from histone 

deacetylases in that it is found in the cellular cytosol rather than in 

the cell nucleus. The deacetylating enzyme from rat liver has an 

8 apparently high affinity for N -acetylspermidine while 

1 
N··-acetylsper~idine or acetylputrescine are not substrates for the 

8 enzyme. The amount of N -acetylspermidine detected in a biological 

sample must reflect not only the net rate of synthesis and catabolism 

of this compound, but also the rate at which it leaks through biologi-

cal membranes. 1 Unlike the N -acetylated polyamines, 

8 N -acetylspermidine formation cannot be stimulated by compounds which 

are cellular toxins or carcinogens. Blankenship has shown that the 

activity of the nuclear spermidine acetylating enzyme can be stimulated 

in rat liver by growth hormone and adrenocorticotropin but the effect 

this treatment had on the deacetylating activity and therefore the in 

vivo formation of this compound is unknown (164). In both the mouse 

and human leukemia and human cystic fibrosis studies 
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8 
N -acety1spermidine excretion was only slightly elevated. This point 

will be considered later in this discussion. 

The similarities between spermidine and histone acetylation is 

striking and will be considered briefly here. As previously described, 

the acety1-CoA dependent, acety1transferase which acety1ates sper-

midine, also acety1ated his tones (138,139). Histones, which are pro-

teins rich in the amino acids lysine and arginine, bind DNA by the 

interaction of the positively charged side chains with negatively 

charged phosphate groups of the DNA backbone. Coiling of the DNA 

strand around clusters of his tones represents the first level of com-

paction of genetic material in interphase chromatin. The importance of 

DNA coiling can best be appreciated by the example of the human lympho

cyte nucleus which contains approximately 7 x 10- 12 g of DNA which, if 

fully extended, would be equivalent to over 2M of DNA double helix 

(163)! The DNA strand is periodically wrapped around clusters of 

histones, called nucleosomes, which are octomeric structures containing 

two molecules of each major histone class (166,167). The interaction 

between these his tones and DNA primarily involves the positively 

charged NH2-termina1 regions of the polypeptide chains. Lysine resi-

dues which are abundant in the terminal regions of the his tones are 

specifically modified by the acetyl-coenzyme A dependent acety1-

transferases which also apparently acety1ate spermidine (138,139,168, 

169). The substrate requirement of this nuclear acetyltransferase is 

apparently R-CH2-CH2-CH2-CH2-NH2 because both spermidine and the side 

chain of lysine contain this structure. R must be greater than three 
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atoms because putrescine, in which R~NH2' is a poor substrate for the 

acetyl transferase. 

Histone acetylation is also reversible, that is a specific 

deacetylating enzyme exists which cleaves the acetyl groups from the 

lysine residues, without degrading the histone chain (168,169). As 

stated previously, histone deacetylase is apparently different from the 

spermidine deacetylase because the former is found entirely within the 

nucleus while the latter is found in the cell cytosol. The histone 

deacetylating enzyme apparently controls the rate at which his tones are 

acetylated. Sodium butyrate which causes a tremendous increase in 

acetylated histone formation does not effect the rate at which acetate 

is incorporated into the histones, but profoundly inhibits the activity 

of the deacetylase (170). It is of interest that sodium butyrate also 

8 increases the intracellular concentration of N -acetylspermidine, 

possibly by also effecting the spermidine deacetylating enzyme (171). 

The exact function that histone acetylation has on DNA function 

is unknown but there is a strong temporal and spatial correlation 

between acetylation and RNA synthesis in vivo. Sonication and dif-

ferential centrifugation of calf thymus nuclei leads to the frac-

tionation of the DNA into transcriptionally active and inactive 

segments in vivo and in vitro (172). After labeling the fractions with 

14 [ C]acetate, the histones of the transcriptionally active chromatin 

fractions were four to six times more radioactive than those of the 

inactive fractions. Similarly in fractionated Drosophila chromatin, 

the his tones in the template active fractions will incorporate a much 
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3 
greater amount of [ H]acetate than those in less active fractions 

(173). There are numerous other studies showing that the ~lti-

acetylated forms of the histones are localized in transcriptionally 

active region of the chromatin of avian, mammalian and insect cells 

(168,169). These studies are only correlational in nature but they do 

suggest that histone acetylation is an important event in controlling 

DNA transcription. Since spermidine acetylation apparently shares many 

of the same histone acetylating and deacetylating enzymes, it would be 

interesting to speculate that spermidine also participates in 

nucleosome formation and thereby plays a key role in controlling DNA 

transcription. The other possibility is that nuclear spermidine 

acetylation occurs as a result of metabolic error, by the histone 

acetylating enzymes. Many more studies will be needed to determine the 

role, if any, nuclear spermidine acetylation plays in DNA transcrip-

tional control. 

Acetylpolyamine Excretion in Various Pathologies 

A major objective of this dissertation research was to deter-

mine if the conjugated polyamines detected in urine would serve as sen-

sitive and specific markers of pathology. To this end, two disease 

states were chosen for study which have been shown to be associated 

with altered polyamine excretion. As covered in some detail in the 

Introduction, cancer detection and monitoring has been a primary goal 

of measuring urinary polyamine excretion. Polyamine excretion studies 

have been shown to be of some clinical value in monitoring certain 

forms of cancer, such as the leukemias. To characterize 
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acetylpolyamine excretion in the presence of a leukemia, an animal 

model using DBA-2 mice implanted ~'1ith P-388 leukemia tumors was 

studied. The results from the animal studies were then used in an 

attempt to better understa.nd the potential usefulness of these com-

pounds as markers of human leukemias. In addition to the leukemia 

studies, acetylated polyamine excretion was also measured in patients 

with cystic fibrosis (CF). Many studies have been published 

demonstrating altered polyamine turnover in patients with CF and some 

have suggested this altered metabolism may playa central role in the 

pathogenesis of this disease (112,174,175). 

The results presented in this dissertation would suggest that 

polyamine monitoring would not serve as a good marker for the presence 

of leukemia in the DBA-2J mouse. 1 Elevation of N -acetylspermidine uri-

nary excretion was not detected until day 7 after implantation of the 

ascites tumor. By this time the rapidly growing P-388 tumor, lrlth a 

cell cycle of 16 h and a doubling time of 18 h, has increased from 

approximately 1 x 10 6 cells to greater than 1 x 10 8cells. Seiler) 

studying acetylpolyamine excretion in rats implanted with Morris 7288C 

hepatoma cells received a similar result (176). In this study, 

1 N -acetylspermidine excretion was not elevated in the tumor injected 

rats until 35 days after tumor implantation at which time the tumor 

weighed approximately 15 gm. That elevated polyamine excretion is not 

a sensitive cancer marker may be due to the fact that many other cells 

in the body produce and excrete polyamines. If a tumor is to be 

detected by polyamine analysis it must excrete polyamines in an amount 
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that will significantly exceed the host's "background" polyamine excre-

tion. Therefore, in animal models in which the process of carcino-

genesis can be followed, elevated polyamine urinary excretion has not 

been detected until the tumor burden is quite high and in most cases 

elevated polyamine excretion is a premordant event. 

The elevation in acetyl polyamine excretion coming from these 

animals may not be coming just from the tumor. The animals in the 

present study were subjectively quite sick by the time elevated 

1 N -acetylspermidine excretion tolaS noted on day 7. The animals were 

markedly less active and their coats "rumpled" in appearance. In 

addition the animals were apparently losing weight at this stage and 

shortly before death were quite cachectic in appearance. The post-

mortem weight loss in these animals, which initially weighed approxi-

mately 25 g, averaged a little more than 7 g. This 30% reduction in 

body weight was apparently not due to decreased food intake, for the 

tumor-bearing animals ate full rations of food until shortly before 

death. Cancer induced cachexia is a well known phenomenon and may be a 

major contributor to the death of these mice (177-179). This wasting 

away, or starvation, observed in these mice may also be the source of 

the increased acetylpolyamine and decreased polyamine excretion 

observed in this study. Food deprivation has a similar affect on 

polyamine excretion as demonstrated by Seiler and coworkers (142). 

In Seiler's study the polyamines were measured in the liver and 

urine of fasted mice and rats (142). In the livers of food deprived 

1 animals, Seiler found an increased formation of N -acetylspermidine and 
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1 N -acetylspermine. The increased cytosolic polyamine acetylation was 

associated with a markedly decreased liver spermidine content, while 

spermine was less affected. The amounts of putrescine excreted in the 

urine of the fasting rats decreased, while the urinary excretion of 

1 
N -acetyl spermidine increased with time. From these findings Seiler 

has hypothesized that the increased formation of the acetylated 

polyamines in starvation is a physiological response to increase the 

amount of polyamine carbon converted into putrescine, which can then be 

shunted into the tricarboxylic acid cycle via 4-aminobutyrate. The 

decreased amount of putrescine detected in the urine would support this 

finding. 

1 The finding of increased N -acetylspermidine excretion and 

decreased putrescine excretion in starvation was also demonstrated in 

this dissertation. However, the magnitude of the increased 

1 N -acetyl spermidine and decreased putrescine excretion in the starved 

animals was approximately In that observed in the tumor bearing animals. 

That food deprivation had a lesser effect on polyamine excretion than 

tumor caused cachexia may be due to various factors. The tumor bearing 

animals are apparently starving at the same time they are eating a full 

ration of food. The competition between the host and the rapidly 

growing tumor cells may increase the demand for polyamines utilized as 

energy sources. In addition, metabolic adaptation seen normally in a 

starved animal may not operate in the animal with malignant disease 

(180,181). In starved animals there is an adaptive mechanism whereby 

the animal converts from the use of glucose to fat as an energy source 

(182). This conversion in energy source is accompanied with a 



decreased in oxidative metabolism and metabolic rate (182). TIlese 

measures allm'l the animal to survive for a prolonged time in a starved 

state. In contrast, in cancer bearing animals these adaptive mecha

nisms may be defective with oxidative metabolism and metabolic rate 

increasing which may increase the rate of starvation (180,183). These 

differences in the adaption of the starved mice versus the tumor 

bearing animals may potentially explain the quantitative difference in 

polyamine excretion noted in the two groups. 
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This study raises the interesting possibility that the altered 

polyamine excretion detected in cancer bearing animals may not result 

just from the tumor, but also as a result of the host's response to the 

presence of the neoplasia. In the present study, the results would 

suggest that at least some of the altered polyamine turnover in the 

tumor bearing animals was due to cancer induced cachexia. It is 

unknown whether this process contributes to the altered polyamine 

excretion noted in human neoplasia. Unlike rodents, little is known 

about the metabolic conversion of the polyamines in humans. That the 

host's response to the presence of neoplasia may contribute to the 

altered polyamine excretion noted in cancer deserves further 

investigation. 

As previously described in the Introduction, polyamine excre

tion has been used as a predictor of the response cancer patients have 

to chemotherapy (98,102,104). To investigate the source and sen

sitivity of the increased polyamine excretion following chemotherapy, 

both conjugated and unconjugated polyamine excretion was measured in a 

leukemic mouse model and human leukemias following chemotherapy. 
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As presented in this dissertation all tumor-bearing animals 

responded to the chemotherapy with survival times increasing from 150 

to 200% of untreated control animals. Survival was increased to the 

greatest degree in those animals given chemotherapy one day after tumor 

administration and the least in those animals treated 7 days after 

ttwor administration. These results are consistent with previous 

studies measuring survival times of P-388 tumor containing mice treated 

with adriamycin (184). 

1 The linear increase of N -acetylspermidine excretion in those 

animals treated between days 3 and 7 of tumor growth correlates quite 

well with the relative tumor mass and was probably a reflection of the 

cell kill in these animals. It was interesting that mice receiving 

chemotherapy one day after tumor implantation did not excrete elevated 

1 amounts of N -acetylspermidine, even though these animals had the 

greatest increase in survival time. Therefore, the elevation of 

1 N -acetylspermidine excretion was not only dependent on the response of 

the tumor to the chemotherapy, but also the relative tumor mass. 

1 The source of the increased N -acetylspermidine excretion after 

chemotherapy was probably from the lysis of the rapidly'growing tumor 

cells. As previously described in this discussion, various treatments 

which induce cell growth or proliferation increase the cellular content 

1 of N -acetylspermidine (140,159-162). Likewise, transformed cells also 

contain elevated amounts of this spermidine conjugate (142). It would 

be expected that the P-388 tumor cells would also contain elevated 

amounts of putrescine and spermidine. The reason putrescine and 

1 spermidine urinary excretion did not parallel N -acetylspermidine 
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excretion in this study is unknown, but may be a result of the complex 

affect tumor growth has on polyamine metabolism, as previously 

described. 

The human leukemia patients also excreted elevated amounts of 

1 
N -acetylspermidine following chemotherapy with both patients 

clinically responding to the therapy. Russell has found that the rapid 

rise in spermidine excretion following chemotherapy was associated with 

substantial cell kill, and predicts with a high degree of accuracy 

responses to therapy. This process was quantitative with 2-fold eleva-

tions of spermidine excretion follo~Ting chemotherapy associated with a 

clinical response of the tumor to therapy (185). These results were 

based on total unconjugated spermidine excretion following acid hydro-

lysis of the urine sample. In this study total spermidine excretion 

following chemotherapy was elevated at least 2-fold in the two 

patients. The elevation in spermidine excretion was entirely due to 

1 the increased excretion of N -acetylspermidine and not 

8 N -acetylspermidine which remained relatively constant throughout the 

studies. Therefore, in these two patients there was no advantage in 

measuring the conjugated polyamines. In contrast to these fi.ndings, 

Abdel-Monem and coworkers did demonstrate an advantage of measuring 

conjugated polyamine excretion. In their study, a patient with diffuce 

histi.ocytic lymphoma responded well to chemotherapy with rapid lysis of 

the lymphoma lesion observed (186). Total spermidine excretion was not 

elevated in postchemotherapy urine samples. 1 However, the N - to 

8 N -acetylspermidine ratio was tremendously elevated increasing from 5.4 

to 24.8 after chemotherapy. 
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1 8 
The N - to N -acety1po1yamine ratio may also be useful in the 

long-term follow-up of individual cancer patients. In previous studies 

1 8 and in this dissertation, the N - to N -acety1spermidine ratio in 

healthy normals has been found to be close to 1 (187,188). In the 

1 8 
present study N - to N -acety1spermidine ratio was initially greater 

than 2 in both cancer patients, even though total spermidine excretion 

was not elevated. 1 Following the successful chemotherapy, the N - to 

N
8
_ ratio in both patients decreased into a "normal" range. An eleva

tion in the N1
_ to N8-acety1spermidine ratio ~o1ou1d be expected with 

regrowth of the tumor. 1 8 Therefore the N - to N -acety1spermidine ratio 

may be a sensitive marker of cancer recurrance. These observations are 

based on only two patients and quite clearly further studies are indi-

cated. 

As shown in this dissertation, CF patients also excrete e1e-

vated amounts of the acety1ated po1yamines into urine when compared to 

age matched controls. When polyamine values were normalized to creati-

1 nine excretion, both acetyl putrescine and N -acety1spermidine excretion 

were elevated greater than 2-fo1d in the CF patients. However, since 

the CF patients excrete less creatinine per 24 h than cont~~l subjects, 

any value normalized to creatinine excretion will be artificially 

elevated in the CF patients. When the total ecetylpolyamine excretion 

was measured in 24 h urines, the average difference in acety1po1yamine 

excretion between the two groups became much less, with many 

overlapping values occurring between the CF patients and controls. 
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One major difference bet~veen the CF patients and controls ~·ras 

1 8 the N - to N -acetylspermidine ratio, which was 4-fold elevated in the 

CF patients. The ratio was consistently elevated above 2.0 in all CF 

patients, while only a single control had a ratio greater than 2.0. In 

1 8 the CF patient studied over an 8 day period, the N - to N - ratio was 

consistently elevated above 4 with little fluctuation detected. The 

1 biochemical defect in CF patients resulting in the elevated N - to 

8 N -acetylspermidine ratio is unknown. As previously discussed in this 

dissertation, elevation in the N1_ to N8_ ratio has been associated 

with cellular growth or proliferation, with neither process primarily 

contributing to the pathology associated ~dth cystic fibrosis. Though 

polyamines are probably not primarily responsible for the pathology in 

1 CF patients, the elucidation of the mechanism by which the N - to 

8 N -acetylspermidine ratio is elevated in CF patients may give further 

insight into the true defect in CF. 

In conclusion, as shown in this dissertation the polyamines, 

putrescine and spermidine are excreted as mono-acetyl conjugates. 

These acetylated polyamines are formed in all cells. In eukaryotic 

cells, a cytosolic polyamine specific, acetyl CoA dependent, N

acetyl transferase forms N-acetylputrescine and N1-acetylspermidine. 

8 N -acetylspermidine is the only polyamine product produced by a nuclear 

acetyl CoA dependent. acetyl transferase which also acetylates histones. 

The cytosolic acetylation of the polyamines results in the catabolism 

of these compounds, which can eventually enter the Kreb's cycle as 

energy sources. Little is known about the function of the nuclear 
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acetylation of spermidine and future studies need to investigate this 

interesting phenomenon. 

In disease states associated with increased cellular growth or 

proliferation these acetylated polyamines are excreted into the urine 

in elevated amounts. 1 8 The N - to N - ratio is an apparently sensitive 

marker of neoplasia, but may have a greater utility in predicting tumor 

responses to chemotherapy. Large scale studies are needed to confirm 

the preliminary findings presented in this dissertation. 
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