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ABSTRACT 
 

Infection with Pneumocystis causes a ≥99% depletion of plasma S-

adenosylmethionine (AdoMet) levels in both Pneumocystis pneumonia (PcP) 

animal models and patients. AdoMet is a critical cellular metabolic intermediate, 

with a pivotal role as methyl donor in a myriad of biochemical processes and 

necessary for the synthesis of the essential polyamines spermidine and 

spermine. In the target tissue of Pneumocystis, the lung, levels of AdoMet were 

previously shown to be depleted experimentally using nicotine. Here we show 

that chronic administration of nicotine in an animal model of PcP resulted in 

decreased lung AdoMet content. Since Pneumocystis is dependent on this 

metabolite, PcP burden was also relived. We hypothesized that the underlying 

mechanism behind nicotine-induced AdoMet depletion was an increased 

consumption of AdoMet through the polyamine pathway where the increased 

activity of N-1-spermidine/spermine acetyl transferase raises the catabolic / 

anabolic cycling of polyamines, a process that utilizes AdoMet. In a critical test of 

our hypothesis, we found that blockage of polyamine metabolism via inhibition of 

the polyamine biosynthetic enzyme ornithine decarboxylase (ODC) hinders the 

effect of nicotine on lung AdoMet levels. Further support is provided by 

metabolite analyses showing nicotine to cause a strong diversion of AdoMet 

toward polyamine synthesis and away from methylation reactions; these shifts 

are also reversed by inhibition of ODC. Because the nicotine effect on 

Pneumocystis is so striking, we considered the possibility of tissue specificity. 

Using laser capture microdissection (LCM), we collected samples of lung alveolar 
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regions (site of infection) and respiratory epithelium for controls. We found 

nicotine to cause increased ODC activity in alveolar regions but not airway 

epithelium; we conclude that tissue specificity likely contributes to the effect of 

nicotine on Pneumocystis pneumonia. Our studies demonstrate the feasibility of 

pharmacological manipulation of the polyamine pathway in order to reduce 

AdoMet levels in the lung and prompted the assessment of compounds 

alternative to nicotine with the potential to achieve a comparable effect. In vitro 

evaluation of the polyamine analog DENSPM along with putrescine in type II 

alveolar cell lines, indicates that although such a combination has the potential to 

induce polyamine flux, an apparent competition for the same polyamine transport 

system impairs simultaneous uptake of both compounds at effective 

concentrations. In conclusion, we showed that chronic nicotine administration 

causes reduction of AdoMet levels in rat lung following 21 days of treatment, by a 

mechanism involving the induction of polyamine flux, which is responsible of 

increased AdoMet utilization for polyamine biosynthesis. According to LCM-

based analysis, this effect seems to be confined to the alveolar regions of the 

lung.



vi 

 ACKNOWLEDGMENTS  

I would like to acknowledge my mentor, Dr. Salim Merali for the unique 

opportunity he gave me to join his lab and for its decisive support and 

encouragement along these years, fulfilled of invaluable experience and amazing 

knowledge. Thanks to the members of his lab as well, for all their help and 

opportune suggestions. 

I want to thank the members of my academic committee, Dr. Dianne 

Soprano, Dr. Jimmy Collins and Dr. Parkson Chong for all the crucial guidance 

and valuable advice provided and their support in the achievement of my 

professional and academic goals. As well, I want to extent my sincere 

appreciation to Dr. Nigel Yarlett, for his willingness and disposition to serve as an 

external advisor in this work. 

I am equally grateful to all the faculty of the Department of Biochemistry 

for all the lessons I was taught, not only during my academic program but overall 

while being part of the Department. They have greatly contributed to my progress 

as a scientist. To the School of Medicine and Temple University, for the 

opportunity of being part of such an institution that constantly provide for the 

development of scientific talent. 

To all my family, because their support and infinite love constitutes the 

driving force in my life. 

 



vii 

ACKNOWLEDGMENT OF RESEARCH SUPPORT 

This work has been supported with grants R01AI064017 and 

RO1A141947 awarded to Dr. Salim Merali by The National Institute of Allergy 

and Infectious Diseases, National Institutes of Health.  



viii 

 
 
 
 
 
 
 
 
 
 
 

This thesis is dedicated to my parents Fernando and Francisca Moncada-
Benavides 

 
Because your unconditional love has always inspired me through life 



ix 

TABLE OF CONTENTS 

 PAGE 

ABSTRACT .......................................................................................................... iv 

ACKNOWLEDGMENTS ....................................................................................... vi 

ACKNOWLEDGMENT OF RESEARCH SUPPORT ........................................... vii 

DEDICATION ..................................................................................................... viii 

LIST OF TABLES ................................................................................................ xii 

LIST OF FIGURES ............................................................................................. xiii 

 

CHAPTER 

1. INTRODUCTION ....................................................................................... 1 

A. PNEUMOCYSTIS: LIFE CYCLE AND ANIMAL MODELS .............. 1 

B. PNEUMOCYSTIS PNEUMONIA ..................................................... 5 

C. S-ADENOSYLMETHIONINE........................................................... 7 

D. POLYAMINE METABOLISM ......................................................... 11 

I. POLYAMINE BIOSYNTHESIS ........................................... 12 

II. POLYAMINE CATABOLISM .............................................. 15 

III. POLYAMINE TRANSPORT ............................................... 16 

E. PNEUMOCYSTIS AND S-ADENOSYLMETHIONINE .................. 17 

F. EFFECT OF NICOTINE ON LUN S-
ADENOSYLMETHIONINE AND PNEUMOCYSTIS 
PNEUMONIA DEVELOPMENT .................................................... 18 

G. RATIONALE AND SIGNIFICANCE ............................................... 20 



x 

2. MATERIALS AND METHODS ................................................................. 22 

3. RESULTS ................................................................................................ 33 

A. FLUORESCENT DETECTION OF ADOMET AND MAIN 
POLYAMINES BY HIGH PRESSURE LIQUID 
CHROMATOGRAPHY .................................................................. 33 

B. EFFECT OF CHRONIC NICOTINE ADMINISTRATION ON 
POLYAMINE METABOLISM OF IMMUNOSUPPRESSED 
RATS ............................................................................................ 36 

C. EFFECTS OF DL--DIFLUOROMETHYLORNITHINE  AND 
NICOTINE ON POLYAMINES AND ADOMET LEVELS IN 
THE RAT LUNG ............................................................................ 40 

D. NICOTINE CAUSES INCREASED POLYAMINE 
BIOSYNTHESIS IN THE ALVEOLAR REGIONS OF THE 
LUNG ............................................................................................ 44 

E. EFFECT AND RECOVERY TIMES FROM NICOTINE 
TREATMENT ARE SYMETRICAL ................................................ 46 

F. EFFECT OF N(1),N(11)-DIETHYLNORPERMINE AND 
PUTRESCINE ON CELL GROWTH OF RESPIRATORY 
CELL LINES .................................................................................. 48 

G. EFFECT OF DENSPM AND PUTRESCINE ON 
POLYAMINE LEVELS OF RESPIRATORY CELLS ...................... 52 

H. EFFECT OF DENSPM AND PUTRESCINE ON ADOMET 
LEVELS OF RESPIRATORY CELLS ............................................ 57 

I. EFFECT OF PUTRESCINE ON DENSPM UPTAKE BY 
RESPIRATORY CELLS ................................................................ 59 

J. PROTEIN LEVELS OF METHIONINE ADENOSYL 
TRANSFERASE ............................................................................ 62 

K. PROTEINS OF POLYAMINE METABOLISM................................ 64 

4. DISCUSSION .......................................................................................... 69 

A. NICOTINE TREATMENT INCREASES ADOMET 
CONSUMPTION BY POLYAMINE METABOLISM IN THE 
LUNG ............................................................................................ 69 



xi 

B. IMPAIREMENT OF POLYAMINE METABOLISM BLOCKS 
NICOTINE-INDUCED REDUCTION OF ADOMET LEVELS 
IN THE LUNG ............................................................................... 74 

C. INDUCTION OF POLYAMINE FLUX IN RESPIRATORY 
CELLS ........................................................................................... 83 

CONCLUSIONS ................................................................................................. 90 

FUTURE DIRECTIONS ...................................................................................... 93 

REFERENCES CITED ....................................................................................... 95 

APPENDIX 

A. LIST OF ABBREVIATIONS ......................................................................... 105 



xii 

LIST OF TABLES 

Table Page 

1. Recognized Pneumocystis Species ........................................................... 2 

2. HPLC Elution Gradient............................................................................. 27  

3. Polyamine Pools in Lung of Rats Treated with Nicotine........................... 37   

4. Effect of Nicotine on Polyamine Anabolic Enzymes and Metabolic 
Intermediates of Rat Lung ........................................................................ 39 

5. Effect of Nicotine on Polyamine Acetylation Activity of Rat Lung ............. 40 

6. Polyamines in Response to Treatment with Nicotine and DFMO ............ 42 

7. AdoMet and AdoMet Metabolites in Response to Treatment with 
Nicotine and DFMO ................................................................................. 43 

8. Ornithine Decarboxylase Activity in Alveoli and Airway Epithelium 
from Lung Sections of Nicotine-Treated Animals ..................................... 46 

  



xiii 

LIST OF FIGURES  

1. Pneumocystis Life Cycle ............................................................................ 4 

2. AdoMet Metabolism ................................................................................... 9 

3. The Main Pathways of Polyamine Biosynthesis and Catabolism ............. 14 

4. Fluorescent AdoMet Detection by HPLC ................................................. 34 

5. Fluorescent Detection of Polyamines by HPLC ....................................... 35 

6. Laser Capture Microdissection ................................................................ 45 

7. Recovery of Lung AdoMet After Cessation of  Nicotine Treatment .......... 47 

8. Effect of DENSPM plus Putrescine on A549 Cells Growth ...................... 50 

9. Effect of DENSPM plus Putrescine on 6TN Cells Growth ........................ 51 

10. Effect of DENSPM and Putrescine on Polyamine Pools of Tumoral 
Cells  ......................................................................................................... 54 

11. Effect of DENSPM and Putrescine on Polyamine Pools on Non-
Tumoral Cells ........................................................................................... 56 

12. Effect of DENSPM and Putrescine on AdoMet Levels ............................. 58 

13. Effect of Exogenous Putrescine on Intracellular Accumulation of 
DENSPM ................................................................................................. 61 

14. Levels of MAT Protein in Tumoral Cells ................................................... 63 

15. Levels of MAT Protein in Non-Tumoral Cells ........................................... 63 

16. Levels of AdoMetDC and SSAT Protein in Tumoral Cells ........................ 66 

17. Levels of AdoMetDC and SSAT Protein in Non-Tumoral Cells ................ 68 

18. Effect of SSAT Overexpression in Lung AdoMet of Transgenic Mice ...... 87 



 
 

1 
 

CHAPTER 1 

INTRODUCTION 

A. Pneumocystis: Life Cycle and Animal Models 

Members of the fungal genus now known as Pneumocystis were first 

identified in 1909 by Carlos Chagas in his guinea pig model of trypanosome 

infection and he thought he had identified a new trypanosomal life form. Antonio 

Carinii identified similar organisms in infected rat lungs in 1910, and likewise 

thought they were a new type of trypanosome. It was not until 1912 that 

Delanoës, working at the Institute Pasteur, recognized that the organism 

identified by both Chagas and Carinii was a separate species. These 

investigators named the organism Pneumocystis carinii, highlighting the unique 

tropism of the parasite for the lung and giving credit for the discovery to Carinii 

rather than Chagas (1).  

For seven decades most investigators thought Pneumocystis organisms to 

be protozoans because they do not look much like fungi, fail to grow much in 

culture, and are not eliminated from patients by treatment with the antifungal 

agents amphotericin B or ketoconazole. By contrast, drugs, such as 

trimethoprim-sulfamethoxazole and pentamidine, usually effective against 



 
 

2 
 

protozoan infections, are also effective against Pneumocystis. An important 

taxonomy shift came in 1988 when P. carinii was placed phylogenetically in the 

fungal kingdom after sequencing of the small ribosomal RNA subunit (2). 

Pneumocystis species are currently classified within the phylum Ascomycota, in 

a unique class, order and family (Pneumocystidomycetes, Pneumocystidales and 

Pneumocystidaceae, respectively). During the 1990’s, as a result of the growing 

collection of gene sequences and cross-inoculation experiments, it became clear 

that Pneumocystis populations from different mammalian hosts were very 

different entities. So, the organisms that once gathered under the name 

“Pneumocystis carinii” were separated into “special forms” based on their choice 

of mammalian host and presently there are four recognized species of 

Pneumocystis (Table 1). A unique form of Pneumocystis has been identified in 

virtually every mammal, each with differing genetics and stringent host specificity. 

For example, the form that infects rats cannot infect humans, and vice versa (3). 

 

 

Table 1. Recognized Pneumocystis Species 

Pneumocystis Species Host References 

P. jirovecii Human (4) 

 
P. carinii 
P. wakefieldiae 

 
Rat 

 
(4,5) 

 
P. murina 

 
Mouse 

 
(6) 
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In an infected host, Pneumocystis exists almost exclusively within the 

alveoli of the lung. The organism attaches to the alveolar epithelium but usually 

does not invade host cells. Attachment to the alveolar epithelium is thought to be 

a requirement for proliferation, because in studies in which attachment was 

prevented by physical or chemical means, proliferation was inhibited (7). 

Disseminated Pneumocystis infection has rarely been reported, and when 

disseminated infection has occurred it has been in the setting of overwhelming 

infection or severe immune suppression (8). The morphological features of 

Pneumocystis are unique. There are two predominant life-cycle forms, the trophic 

form and the cyst form (Figure 1). The trophic form is 1–4 μm in diameter and 

the mature cyst is 8–10 μm in diameter. During infection of the lung, the trophic 

forms predominate over the cyst forms by ~10:1. 
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Figure 1. Pneumocystis Life Cycle. There are two predominant life-cycle forms 

of Pneumocystis, the trophic form and the cyst form. It has been hypothesized 

that the trophic form can conjugate by binary fission and therefore undergoes 

asexual reproduction (a). In addition, there is a sexual cycle (b). Three 

intermediate cyst stages have been visualized by electron microscopy, and they 

contain complements of 2, 4 and 8 nuclei, respectively. The mature cyst contains 

8 intra-cystic nuclei. It has been suggested that trophic forms emanate from the 

intra-cystic nuclei of the mature cyst as it ruptures, and then undergo vegetative 

growth or conjugate to re-form the cyst. From ref (1). 
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The inability to propagate Pneumocystis outside the host lung has been a 

major obstacle to studying the life cycle and genetics of this opportunistic fungal 

pathogen (9-11). Pneumocystis can proliferate transiently in low numbers in the 

presence of lung epithelial cells in tissue-culture medium, however, continued 

passage of the organism — and therefore sustained growth — has not been 

achieved (1). The axenic continuous culture of P. carinii has been demonstrated, 

although further optimization of the conditions and efficiency still was suggested 

in order to make genetic manipulation of P. carinii feasible (9,12). Currently, the 

infected animal model remains the main source of organisms for laboratory 

studies and most of our knowledge of host-parasite interactions and 

pathogenesis of P. carinii pneumonia has been generated through the use of rat 

and mouse models (1,13). In 1988, Bartlett et al. devised a modification of the 

traditional corticosteroid-treated rat model by administering P. carinii organisms 

intra-tracheally or trans-tracheally into immune-suppressed rats (14). This has 

made possible experimental manipulation not possible with naturally occurring 

infection (13). 

B. Pneumocystis Pneumonia 

Individuals that are infected with human immune-deficiency virus (HIV) are 

at considerable risk of developing pneumonia following infection with the fungal 

pathogen Pneumocystis (10,15). Indeed, Pneumocystis pneumonia (PcP) 

remains the most prevalent opportunistic infection in patients with acquired 
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immune deficiency syndrome (AIDS) (13,16). Since the beginning of the AIDS 

epidemic, PcP has often been an AIDS-defining illness in HIV-infected patients 

with CD4+ T-cell counts <200 µl-1 (15,16), remaining at high rate in those without 

prophylaxis for PcP or effective anti-viral therapy (1,15,17). Likewise, individuals 

receiving immunosuppressive medication, such as chronic corticosteroid therapy, 

patients with hematological or solid malignancies, transplant recipients and those 

with an altered immune system are also at risk of contracting PcP (1,18). Clinical 

experience has improved outcomes of mild to moderate PcP, but severe disease 

mortality in patients with and without AIDS ranges from 10–60% depending on 

the population at risk, with immune-compromised cancer patients having the 

highest mortality (1). For example, from 1996 to 2001 at a major US urban 

hospital, the mortality due to severe PcP was 37% (19). The common 

misperception that PcP is no longer a major health threat reflects clinical 

disparities. A recent review of cases from Taiwan found a 41% PcP mortality rate 

for HIV patients with laboratory confirmed diagnosis at initial presentation (20). 

Improving PcP treatment has been blocked by the lack of new drugs for more 

than 20 years and by a poor understanding of the host-pathogen relationship.  

Five anti-P. carinii regimens reached clinical trials with success and are 

now currently in use with Food and Drug Administration (FDA) approval. These 

include dapsone with and without trimethroprim; aerosolized pentamidine; 

trimetrexate-leucovorin; atovaquone; and clindamycin plus primaquine. 

Pyrimethamine-sulfadoxine has found limited use for the prophylaxis of 
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Toxoplasma gondii and P. carinii infections (21,22). The most effective drug is 

the combination of trimethoprim and sulfamethoxazole (co-trimoxazole, TMP-

SMZ), although a high incidence of intolerance with this medication is frequent, 

having significant side effects (23) and evidence of developing resistance (18,24-

26). Its efficacy is attributed to the sulphamethoxazole component, and patients 

who are sulpha-allergic cannot use it (1). Also, mutations in the dihydrofolate 

reductase enzyme, the target of trimethoprim and pyrimethamine, have been 

found in patients with PcP (1). Other medications such as atovaquone are used 

for milder disease although mutations in the cytochrome b gene have been 

shown to confer resistance to it as well as to pentamidine, a second line agent 

only, owing to its significant toxicity (1). Clearly, future studies are needed to 

determine the role of existing novel antifungal agents in the treatment of PcP, 

and to develop more effective therapies that exhibit lower toxicity (27,28). 

C. S-Adenosylmethionine 

S-Adenosylmethionine, also known as AdoMet, SAM or SAMe, is a 

sulfonium ion that results from the condensation of methionine and the 

adenosine moiety of ATP by methionine adenosyltransferase (MAT), with the 

residual triphosphate group being hydrolyzed into Pi and PPi by the intrinsic 

polyphosphatase activity of MAT (Figure 2). AdoMet is involved in many vital 

biochemical processes and constitutes the most used enzymatic substrate after 

ATP (15,29,30). Methylation reactions affect a variety of processes from 
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embryonic development to brain function. DNA methylation regulates gene 

expression, whereas methylation of hormones, neurotransmitters and signal-

transduction systems controls their activity (30). Methylation of phospholipids 

contributes to keep membrane fluidity and receptor mobility and methylation of 

the cobalamin cofactor of methionine synthase provides a repair mechanism for 

this enzyme. None of these methyl-transfer reactions would operate in the 

absence of the highly favorable thermodynamics provided by the AdoMet 

molecule (30). During methyl transfer, AdoMet is converted to S-

adenosylhomocysteine (SAH), which can subsequently be hydrolyzed into 

adenosine and homocysteine through a reaction catalyzed by SAH hydrolase 

(30,31) (Figure 2). Homocysteine can then either be converted into glutathione – 

a major cellular antioxidant – or methylated to generate methionine, through a 

reaction catalyzed by the methylcobalamin-dependent enzyme methionine 

synthase (30,32) (Figure 2). This sequence of reactions constitutes a cycle that 

is part of the general metabolism of sulfur-containing amino acid derivatives, 

itself regulated at the genetic level by AdoMet (33). 
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Figure 2. AdoMet Metabolism. AdoMet utilization and catabolism pathways are  

shown. The greater than 100 different reactions represented by the arrow labeled 

‘‘Various AdoMet Methyltransferases’’ consume about 90% of AdoMet in 

mammalian cells. From ref (15). 
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AdoMet is also used as a source of methylene groups in plants (in the 

synthesis of cyclopropyl fatty acids), amino groups (in the synthesis of 7,8-

diaminoperlagonic acid, a precursor of biotin), ribosyl groups (in the synthesis of 

epoxyqueuosine, a modified nucleoside in tRNAs) and aminopropyl groups (in 

the synthesis of ethylene and polyamines). Even though the mechanism of most 

of these reactions has not been extensively characterized, it is likely that the 

chemistry at work is mainly driven by the electrophilic character of the carbon 

centers that are adjacent to the positively charged sulfur atom of AdoMet (30). In 

addition, AdoMet, upon one-electron reduction, is a source of 5’-deoxyadenosyl 

radicals, which initiate many metabolic reactions and biosynthetic pathways by 

hydrogen-atom abstraction. AdoMet presents a unique situation in which all 

constituent parts have a chemical use (30). It is estimated that 95% of AdoMet is 

used for methylation reactions and 3–5% for the generation of polyamines 

(15,29). In humans, 85% of all of these methylation reactions and 50% of all 

methionine metabolism takes place in a single organ, the liver  (29,34). 

The biologically synthesized AdoMet has an S-configuration at both the 

sulfur atom and the α carbon of the amino acid moiety, and is designated (S,S)-

AdoMet. The chiral sulfonium undergoes a spontaneous inversion to form the R 

isomer in (R,S)-AdoMet (35). AdoMet isolated from mammals including humans 

contains only a minor fraction of the (R,S)-isomer (36,37). It is thought that either 

proteins are present to stabilize the natural configuration, or that enzymes 

selectively utilize the unnatural isomer. The (R,S)-AdoMet has been found to be 
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neither a substrate nor an inhibitor to AdoMet-dependent methyltransferases that 

have been investigated so far (36,37). A major limitation of current methods of 

AdoMet quantification, is their inability to distinguish the (S,S) from the (R,S) 

stereoisomers of AdoMet (37). Fortunately, the HPLC method developed by 

Merali et al. that uses a commercially available fluorescent tag is able to separate 

both isomers, allowing for a stereospecific quantitative assay of (S,S)-AdoMet  

(38,39). 

D. Polyamine Metabolism 

Polyamines are ubiquitous small basic molecules that play multiple 

essential roles in mammalian physiology. Although simple in structure, the 

polycationic polyamines spermidine and spermine and their diamine precursor 

putrescine are essential factors for growth in eukaryotic cells (40-42) (Figure 3). 

Intracellular concentration of polyamines extends to the millimolar range but as a 

result of being ionically bound to various anions including DNA, RNA, proteins 

and phospholipids, their content in the cell as free polyamines is significantly 

lower (41).  Polyamines perform important functions related to cell growth and 

survival including association with nucleic acids, conservation of chromatin 

conformation, control of specific gene expression, regulation of ion-channels, 

preservation of membrane stability, provision of a precursor in the synthesis of 

eukaryotic translation initiation factor 5A (IF5A), and scavenging of free-radicals 

(41). Although intracellular polyamine concentrations vary throughout the cell 
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cycle, intracellular polyamine levels are tightly regulated by mechanisms that 

control biosynthesis, degradation and uptake (43). Imbalances derived from 

disturbed metabolism are known to be involved in many disease states (42). 

I. Polyamine Biosynthesis 

Although all cells have the ability to synthesize putrescine and spermidine, 

synthesis of spermine seems to be confined to eukaryotic systems (43). There 

are differences in the details between the pathways in different cell types, but a 

generalized metabolic outline is depicted in Figure 3. The first rate-limiting step 

in polyamine biosynthesis is the production of putrescine by the pyridoxal 

phosphate-dependent enzyme, ornithine decarboxylase (ODC). The requirement 

for ODC activity (and putrescine production) in cell proliferation has been 

demonstrated in all tissues studied. ODC expression is tightly regulated at 

several steps from transcription to post-translational modification (44). ODC is 

active as a homodimer with a half-life that is among the shortest of any known 

protein (10–30 minutes in mammalian systems), and, like many short-lived 

proteins, ODC is destroyed by the 26S proteasome. However, unlike most 

proteins, ODC is not first ubiquitinated, instead a specialized regulatory protein, 

ODC antizyme (45,46) binds to the carboxylic end of the monomeric form of ODC 

and presents the ODC to the 26S proteasome for destruction (47). ODC 

transcription is another important regulatory step in its expression and ODC was 

the first transcription target of the MYC oncogene to be reported (48) which 
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demonstrates one link between two crucial growth-promoting pathways. The 

second rate-limiting step in polyamine biosynthesis is catalyzed by S-

adenosylmethionine decarboxylase (AdoMetDC), a pyruvoyl-containing 

decarboxylase (49). AdoMetDC, like ODC, is highly regulated and has a short 

half-life. Unlike ODC, AdoMetDC is ubiquitinated before degradation by the 26S 

proteasome. Two specific aminopropyl transferases, spermidine synthase and 

spermine synthase, act sequentially to produce spermidine from putrescine, and 

spermine from spermidine plus 5′-deoxy-5′-(methylthio)-adenosine (MTA) as a 

sub-product (49). The aminopropyl moiety, which is necessary for the synthesis 

of both spermidine and spermine, comes from decarboxylated S-

adenosylmethionine (dcAdoMet). Both aminopropyl transferases are constitutive 

and are primarily regulated by the availability of their substrates. It is important to 

note that spermine is primarily a polyamine found in eukaryotic cells, as 

prokaryotes do not have a spermine synthase homologue. 
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Figure 3. The Main Pathways of Polyamine Biosynthesis and Catabolism. 

The first step in the biosynthetic reactions constitutes the production of the 

diamine putrescine by ornithine decarboxylase (ODC). This is followed by the 

successive addition of aminopropyl groups from decarboxylated AdoMet to 

putrescine and spermidine that results in the synthesis of spermidine and 

spermine, respectively.  During catabolism, spermidine and spermine are 

acetylated by spermidine/spermine N1-acetyltransferase (SSAT) and the 

acetylated products can be readily excreted out of the cell or recycled by N1-

acetylpolyamine oxidase (APAO) back to putrescine which can, in turn, be 

reused to synthesize spermidine and spermine. Modified from ref (15). 
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II. Polyamine Catabolism 

The first intracellular pathway of mammalian polyamine catabolism 

discovered is a two-step process, the rate of which is controlled by the activity of 

the inducible enzyme spermidine/spermine N1-acetyltransferase (SSAT) (50). 

SSAT catalyzes the formation of N-1-acetylspermine or N-1-acetylspermidine by 

the transfer of the acetyl group from acetyl-coenzyme A to the N1 position of 

either spermidine or spermine. The second step in this pathway is the 

peroxisomal FAD-dependent enzyme N1-acetylpolyamine oxidase (APAO). 

APAO is a constitutively expressed enzyme that catalyses the cleavage of 

acetylated polyamines to produce spermidine or spermine (depending on the 

starting substrate), 3-aceto-aminopropanal and H2O2 (41,51) . Through attempts 

to clone APAO, a gene and protein product were identified that possessed many 

of its expected structural properties; however, the enzyme produced by this gene 

was found to be both highly inducible and able to efficiently oxidize unsubstituted 

spermine (52). Subsequently it was confirmed that this gene/enzyme represented 

a new addition to the polyamine catabolic pathway, and was named spermine 

oxidase (SMO; also known as SMOX). SMO is a highly inducible FAD-dependent 

enzyme that oxidizes spermine to produce spermidine, 3-aminopropanal and 

H2O2 (41,53). Importantly, tumor-necrosis factor (TNF)-induces SMO and the 

resulting H2O2 has been implicated as a common pathway through which 

inflammation from multiple sources can lead to the mutagenic changes 

necessary for the development and progression of multiple epithelial cancers 
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(54). These results indicate that SMO might represent an excellent target for 

chemoprevention strategies (41). 

III. Polyamine Transport 

Mammalian cells possess an energy-dependent and selective polyamine 

transport system, which has yet to be molecularly defined. As the human diet is 

rich in polyamines, and because normal human intestinal flora produce and 

excrete significant quantities of polyamines, the transport capacity has the 

potential to significantly affect the cellular response to treatment-induced 

alterations in intracellular polyamines. The best characterization of mammalian 

polyamine transport has been provided by Poulin and colleagues (55), who 

suggest that polyamines are first transported into the cell by an unidentified 

membrane transporter/carrier that is powered by a membrane potential followed 

by rapid accumulation of polyamines into polyamine-sequestering vesicles driven 

by a vacuolar-ATPase pH gradient and proton exchange. Such a transport and 

sequestration system also helps to explain the apparently high, total intracellular 

concentration of polyamines, even though the actual amount of free polyamines 

is thought to be low. This system would provide the cell with a mechanism for 

rapid flux of cytoplasmic polyamines through the activation of its vesicle-release 

mechanism. Another model to explain mammalian polyamine transport has been 

proposed by Belting et al. (56). This model implicates a role for heparin sulphate 

and glypican 1 (GPC1) in the transport of spermine, which suggests that 
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recycling of GPC1 is involved in polyamine transport (41,56). The data presented 

supporting each of these models are not mutually exclusive, therefore, it may 

turn out that the actual process of polyamine transport will be a synthesis of both 

models (41,57). 

E. Pneumocystis and S-Adenosylmethionine 

As a result of efforts to improve culture of the Pneumocystis over the last 

several years, it was suggested that this organism could have a somewhat 

dependency on its mammalian host for AdoMet (12,13). With very few 

exceptions, all organisms are known to synthesize this molecule (58-60). This 

metabolite plays an essential role as the methyl donor for most methylation 

reactions, such as the methylation of proteins, nucleic acids, lipids, and 

polysaccharides and at the same time, interacts with folate metabolism and thus 

all the reactions involving folate. Work on P. carinii polyamine content, excretion 

and metabolism suggested the possibility that exogenous polyamines could 

improve growth. They did not but adding AdoMet, a polyamine precursor, to the 

culture medium did (12). It was found that Pneumocystis is an AdoMet auxotroph 

that requires this compound to grow in culture using a high-affinity, highly specific 

transporter (15,38). Moreover, the depletion of plasma AdoMet levels in both rats 

and humans infected with Pneumocystis was established and reinforced the 

concept of this metabolite being a key requirement for the fungus to survive 

(38,61). 
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F. Effect of Nicotine on Lung S-Adenosylmethionine and Pneumocystis 

Pneumonia Development 

Nicotine is a natural ingredient in tobacco leaves where it acts as a 

botanical insecticide. It is the principal tobacco alkaloid occurring to the extent of 

about 1.5% by weight in commercial cigarette tobacco and comprising about 

95% of the total alkaloid content. Oral snuff and pipe tobacco contain 

concentrations of nicotine similar to cigarette tobacco, whereas cigar and 

chewing tobacco have only about half of the nicotine concentration of the 

cigarette tobacco. An average tobacco rod contains 10 to 14 mg of nicotine and 

on average about 1 to 1.5 mg of nicotine is absorbed systemically during 

smoking (58,62). The nicotine in tobacco is largely the levorotary (S)-isomer, only 

0.1 to 0.6% of total nicotine content is (R)-nicotine. Chemical reagents and 

pharmaceutical formulations of (S)-nicotine have a similar content of (R)-nicotine 

(0.1–1.2%) as an impurity since plant-derived nicotine is used for their 

manufacture. The (R)-nicotine content of tobacco smoke is higher. Up to 10% of 

nicotine in smoke has been reported to be (R)-isomer, presumably resulting from 

racemization occurring during combustion (58,63). 

As previously shown by Godin and Crooks in guinea pigs, reduction of 

AdoMet can be induced experimentally by administering nicotine (64). 

Interestingly, their results indicated a marked reduction (between 15- and 9-fold) 

in lung tissue. These findings along with the report of negative correlation of 
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smoking and risk of PcP relapse in AIDS patients (65) suggested that it might be 

possible to treat PcP using nicotine to suppress host lung AdoMet (15). 
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G. RATIONALE AND SIGNIFICANCE 

Evidence supporting the hypothesis that chronic nicotine infusion is an 

effective prophylaxis against PcP development has been demonstrated in a rat 

model (58), where it was found that chronic administration of 475 µg of R-(+)-

nicotine kg-1 h-1 for a period of 21 days caused about a 15-fold reduction in 

AdoMet levels in the lungs but not in plasma or liver. Moreover, when rats were 

infused with nicotine while simultaneously inoculated with Pneumocystis carinii, 

they had 99.9% fewer fungal organisms in their lungs 21 days post-inoculation. 

To ensure that the effect was due to AdoMet reduction and not to another 

pharmacological property of nicotine, a group of rats was concurrently treated 

with 400 μg nicotine kg-1 h-1 and 1000 μg AdoMet kg-1 h-1. The resulting reversing 

effect on Pneumocystis infection supported the hypothesis that the mechanism of 

nicotine treatment was reduction of lung AdoMet levels although neither AdoMet 

synthesis inhibition nor increased consumption by methylation activity was 

apparent. Notably, treatment of inoculated animals with AdoMet alone intensely 

exacerbated the burden of infection. These observations revealed AdoMet as a 

critical, limiting nutrient for Pneumocystis and highlighted its potential as a 

therapeutic target. 

Understanding the shifts in metabolic pathways that drive nicotine-induced 

depletion of AdoMet in the lung is interesting from a biochemical point of view 

and important for understanding how nicotine blocks development of PcP. Also, 
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the identification of alternative compounds with the capacity to induce a 

comparable reduction of AdoMet levels in the lung would provide novel agents 

for treatment of PcP with less toxicity than that associated with nicotine. 

This study has been designed and undertaken with the main purpose to 

provide direct evidence regarding the ultimate mechanism by which nicotine 

reduces AdoMet in the lung. Since neither AdoMet synthesis nor increased 

methylation activity were found to be responsible, analysis of the other pathway 

that utilizes AdoMet, namely polyamine metabolism, is required. The following 

aims are proposed: 

1. To determine if chronic nicotine administration to the animal model of 

PcP causes perturbations in lung polyamine metabolism. 

2. To demonstrate whether impairment of polyamine metabolism disrupts 

the effect of nicotine treatment on lung AdoMet. Our hypothesis is that 

impairment of the polyamine biosynthetic pathway will block the 

effect of nicotine treatment on lung AdoMet.  

3. To evaluate the ability of polyamine analogs to reduce AdoMet levels 

by modulating SSAT activity in vitro. We hypothesize that induction of 

SSAT activity by polyamine analogs will result in reduced cellular 

levels of AdoMet. 
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CHAPTER 2 

MATERIALS AND METHODS 

Chemicals and Supplies: Ultra-pure AdoMet, spermidine, spermine, 

putrescine, and R-(+) nicotine were from Sigma-Aldrich (St. Louis, MO). 

AccQ.Fluor reagent kits were from Waters Corp. (Milford, MA). Pediatric 

suspension of trimethoprim and sulfamethoxazole was from Barre-National 

(Baltimore, MD). Dexamethasone sodium phosphate, 10 mg ml-1 for injection, 

was from Elkins-Sinn, Inc. (Cherry Hill, NJ). Cyanoacrylic surgical adhesive was 

from Henry Schein (Melville, NY). The AccQ·Fluor kit, which included the 

AccQ.Fluor derivatizing agent N-hydroxysuccinimidyl-6-aminoquinoyl carbamate 

and borate buffer, was purchased from Waters Corp. (Milford, MA). The HPLC 

internal standard 1,7-diaminoheptane and reagents of eluent A (140 mM acetate, 

17 mM triethanolamine, pH 5.05) were from Aldrich (Milwaukee, WI). Water was 

from a Millipore (New Bedford, MA) Milli-Q system. HPLC-grade acetonitrile was 

from Fisher Scientific (Springfield, NJ). 

Rat Model of PcP: Specific pathogen-free S.D. rats (Taconic Farms, 

Germantown, NY) were housed in a barrier colony and maintained on multiple 

antibiotics to avoid other opportunistic infections (58,66). Drinking water was 
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supplemented for one week with a combination of 0.2 mg ml-1 trimethoprim and 

1.0 mg ml-1 sulfamethoxazole (TMP/SMZ) to reduce any latent P. carinii infection, 

and subsequently with 1.5 mg L-1 dexamethasone as immunosuppressive 

regimen that was maintained throughout the experiment. Four days later, 

intratracheal inoculation with P. carinii isolates from PcP-infected lung 

homogenates was performed and repeated once at a four days interval (58). 

Before use for inoculation, lungs were tested for other pathogens by Gram-

stained impression smears and by streaking on blood agar plates to detect 

colony-forming fungi or bacteria (66). The animals were sacrificed 21 days after 

the first inoculation and the degree of PcP determined by counting of cysts and 

trophozoites in stained smears of lung homogenate as previously described (66). 

To control for dexamethasone, we performed an experiment using four groups of 

four rats each that were treated by pump infusion of the following: saline only, 

saline plus dexamethasone, nicotine only, and nicotine plus dexamethasone. 

After 3 weeks treatment, the animals were sacrificed, and the lungs were 

analyzed for AdoMet. The respective mg of AdoMet (g lung)-1 were: 6.78 ± 1.2, 

7.22 ± 0.55, 0.78 ± 0.44, and 0.67 ± 0.23. Thus nicotine treatment caused an 

88.5% reduction in lung AdoMet in animals not treated with dexamethasone and 

a 91.7% reduction in animals treated with dexamethasone. Because these 

results are similar, we conclude that dexamethasone does not interfere with the 

action of nicotine on lung AdoMet, nor is it required (67). 
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Administration of Drugs: Nicotine and DFMO were delivered to animals by 

infusion pumps (Advanced Neuromodulation Systems, TX) implanted 

subcutaneously in the suprascapular region (66). The pumps had a chamber 

volume of 1.0 ml, a flow rate of 500 µl day-1, and a catheter to deliver drug to the 

peritoneum (i.p). Pump solutions were changed as follows. The needle of an 

“infusion set” was inserted percutaneously into the pump fill port, and the pump 

was drained into an attached syringe to measure the volume remaining; this 

allowed delivery rate calculation and confirmation of the manufacturer’s reported 

delivery rate when implanted and filled with the drug solution. To flush and refill, 

a second infusion set was inserted, and 3 ml of fresh solution was slowly injected 

into the pump and drained through the first infusion set. The draining infusion set 

was then removed, and 1.0 ml of fresh solution was injected to refill the pump 

reservoir. The 1.0 ml reservoir required refilling every other day, but because 

AdoMet degrades rapidly, solutions containing AdoMet were replaced daily. At 

the time the pumps were implanted, the animals weighed 160 - 170 g. 

Immunosuppression by dexamethasone without Pneumocystis carinii inoculation 

typically caused a weight drop to 130 - 140 grams after 4 weeks. Nominal dose 

rates reported in the results were calculated at the beginning of the experiment 

based on a mean body weight of 160 g; however, because of weight loss 

resulting from dexamethasone treatment, the dose rate can increase by as much 

as 20% by the end of the treatment period (58,67). 
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Sample preparation: About 500 mg of tissue from treated or untreated 

lung were snap-frozen in liquid nitrogen and were crushed into a fine powder 

using mortar and pestle. The powder was resuspended in 2 ml of NKPD buffer 

(2.68 mM KCl, 1.47 mM KH2PO4, 51.10 mM Na2HPO4, 7.43 mM NaH2PO4, 62 

mM NaCl, 1 mM EDTA, and 1 mM dithiothreitol) and sonicated at 40 watts and 

70% duty cycle for about 2 min, then clarified at 10,000 x g for 15 min and an 

aliquot used for Bradford protein assay (Bio-Rad, Hercules, CA). 

Analysis for AdoMet, AdoMet Metabolites, and Polyamines: The AdoMet 

contents of lung, liver, and plasma samples were measured by HPLC analysis 

using Waters AccQ.Fluor derivitizing reagent (Waters Corp., MA). For biological 

samples, the limit of detection is 0.02 nmol, and linearity extends to 5,000 nmol. 

All of the samples were analyzed in triplicate, and the coefficient of variation 

ranged from 5 to 17%, depending on the amount of AdoMet in the sample. The 

polyamines spermidine, spermine, and putrescine and AdoMet metabolites MTA 

and dcAdoMet were also analyzed by HPLC using Waters’ AccQ.Fluor 

derivitizing reagent. Polyamine and AdoMet metabolite pools are expressed as 

nmol polyamine (g lung)-1 (67). 

Pre-column derivatization of samples:  An internal standard (10 µl of 2 µM 

1,7-diaminoheptane) was added to 10-60 µl of mixtures of polyamine standards 

(putrescine, spermine, and spermidine) or de-proteinized biological extracts; 

borate buffer (0.2 M sodium borate, 1 mM EDTA, pH 8.8) was added to produce 
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final volumes of 80 µl. The AccQ.Fluor reagent (20 µl) was added and the 

sample mixed by vortexing and analyzed within 24 h (39). 

High-performance liquid chromatography: The Waters HPLC system 

included a quaternary pump (Model 625), a system controller (Model 600E), an 

autosampler (Model 715), and a fluorescence detector (Model 470). The system 

was controlled and data were collected using Waters Empower software v.2 

(Waters Corp., MA). The peak-area and quantitation values of the different 

compounds were calculated by the Empower software. A 5 µm silica particle C8 

Symmetry column (150×4.6 mm) with a 100-Å pore size and a 4 µM silica 

particle C8 PicoTag Column (3.9 x 150 mm) with a 60-Å pore size (Waters Corp., 

MA), were used for separations. Fluorescence excitation was at 250 nm and 

emission was detected at 395 nm. The mobile phase consisted of eluent A (140 

mM sodium acetate and 17 mM triethanolamine, pH 5.05) and acetonitrile, and 

the elution gradient is shown in Table 2. All changes in mobile phase were linear 

from one composition to the next. The flow-rate was 1.0 ml min-1 and separations 

carried out at 37ºC (39,58,67).  
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Table 2. HPLC Elution Gradient 

Time Eluent A Acetonitrile 

(min) (%) (%) 

0.01 100 0 

1 99 1 

6 93 7 

21 89 11 

31 50 50 

38.5 40 60 

45.5 100 0 

51 100 0 

 

 

HPLC Method Validation: The suitability of the analytical system was 

assured by demonstrating that each of the compounds analyzed and the internal 

standard were resolved from each other and from all other potentially interfering 

peaks in the biological sample extract. Instrument precision was monitored by 

making triplicate injections into the HPLC system from a single pooled standard. 

To demonstrate linearity, a series of standard solutions of the three polyamines 

in water were used to construct calibration curves; the polyamine content of 

these standards ranged from 50 pmol to 1 nmol and 25 pmol of the internal 

standard, 1,7-diaminoheptane, was included in every injection. To demonstrate 

recovery of polyamines from a biological matrix, 20 pmol of polyamine standard 
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was added to an erythrocyte extract and the results were compared to a non-

spiked sample (39). 

Measurement of AdoMet Synthetase (MAT) Activity: Clarified lung 

homogenates were dialyzed and enzyme activity assayed in a reaction mixture of 

200 µl containing 150 mM KCl, 2 mM dithiothreitol, 25 mM HEPES, 500 mM 

ATP, 5 mM MgSO4, 1 mM methionine and 150 µl of the dialyzed extract. The 

assay was incubated at 37°C during 30 min. Reactions were stopped by addition 

of 2% final concentration perchloric acid and supernatants clarified by 

centrifugation at 15000 x g, 5 min at 4ºC. Rat liver extract was used as a known 

source of AdoMet to validate the assay (38). 

Ornithine Decarboxylase (ODC) activity: Tissue homogenates for ODC 

assays were obtained as described for sample preparation and then dialyzed 

against ODC assay buffer (30 mM Tris HCl, 1 mM EDTA, 1 mM dithiothreitol, 50 

mM pyridoxal-5’-phosphate [pH 8.0]) using a 3.5K MWCO Slide-A-Lyzer MINI 

Dialysis Device (Thermo Scientific, IL). Individual ODC assays had a final volume 

of 0.50 ml containing 0.40 ml of the dialysate and 50 mM ornithine. The assay 

mixtures were incubated for 0, 0.5, 1, or 2 h and then de-proteinized by boiling 

and analyzed for polyamine content (58,68). 

AdoMet Decarboxylase Activity (AdoMetDC): Lung homogenates were 

dialyzed against reaction buffer, an aliquot used for protein assay (Bio-Rad 

Bradford assay) and the remaining used for the AdoMetDC assay. One hundred 

and fifty µl of reaction buffer containing 80 mM phosphate buffer pH 7.5, 2 mM 
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DTT, 5 mM putrescine and 0.3 mM AdoMet were mixed with 100µl of enzyme 

solution, incubated at 37ºC for 30 min and boiled 5 min for protein removal 

(43,58). Detection of the dcAdoMet product was determined by HPLC as 

described above. 

Spermidine/Spermine N1-Acetyltransferase (SSAT) activity: Based on the 

method described by Wallace and Evans (43),  SSAT activity was measured in a 

total volume of 100µl of NKPD buffer, 3 mM spermidine and 0.5 mM acetyl-CoA 

mixed with 60 µl of dialysate. The mixture was incubated for 10 min at 37°C, and 

the reaction stopped by heating in a boiling water bath for 2 min. This assay is 

linear with increasing protein concentration only during the first 10 min of 

incubation (43). Afterwards, the linearity of the reaction  is affected by the activity 

of acetyl polyamine oxidases (APAO), that back convert higher acetylated 

polyamines to lower polyamines (i.e., N-1-acetylspermine into spermidine or N-1-

acetylspermidine into putrescine. See Figure 3) (43). Prior to precolumn 

derivatization, the sample was clarified by centrifugation 10 min at 14,000 x g. 

Thirty µl of the supernatant was derivatized and analyzed by HPLC using a C18 

reverse-phase AccQ™·Tag column (Waters Corp., MA) and the separation 

method described in Table 2 (69). 

Laser Capture Microdissection (LCM):  Sections (6 µm thick) were cut 

from frozen lung tissue specimens embedded in OCT using a OTF/AS cryostat 

(Jencons, Brigeville, PA) and mounted on PEN membrane slides (Life 

Technologies, CA). The sections were stained with hematoxylin to reveal lung 
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architecture, and areas of interest were collected using a Veritas LCM instrument 

equipped with Veritas image archiving software (Life Technologies, CA). The 

laser cutting mode was used to cut out and collect selected regions of sections. 

The cutting beam diameter was 3.0 µM, and the laser intensity control was set at 

4.46 mV. Typically, 10–25 laser pulses were required to cut out the selected 

area, which was then captured on mounted films (Life Technologies, CA) 

according to manufacturer’s directions. Portions of the films holding captured 

areas were collected in microcentrifuge tubes and homogenates extracted from 

the pooled LCM material by adding NKPD buffer (67). 

Cell culture: Two different respiratory cell lines exhibiting a type II 

pneumocyte phenotype were purchased from the American Type Culture 

Collection. Tumoral human respiratory A549 cells were grown in Dulbecco’s 

modified Eagle's medium (DMEM) and 10% fetal bovine serum (Mediatech, VA). 

Non-tumoral rat lung epithelial cells RLE-6TN (6TN) were cultured in Ham’s F-12 

medium (Mediatech, VA) containing 0.01 mg ml-1 bovine pituitary extract, 0.005 

mg ml-1 insulin, 2.5 ng ml-1 insulin like growth factor, 0.00125 mg ml-1 transferrin, 

2.5 ng ml-1 epidermal growth factor (BD Biosciences, MD) and 10% fetal bovine 

serum. 

Cell viability assays: Cell proliferation was determined using alamarBlue 

(Invitrogen, CA) as  directed by the manufacturer . Total cell number was 

adjusted to 2.5 x 103 cells ml-1 for A549, and 5 x 103 cells ml-1 for 6TN. Two 

hundred μL of each cell suspension was added per well of a 96-well plate and 
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incubated overnight at 37°C in 5% CO2 atmosphere. Following incubation, 

growing media was removed and 200 µl of fresh medium containing different 

dilutions of DENSPM, putrescine or combination of both were added to the cells 

and incubated as before. One, two, three and four days later, twenty μL of 

alamarBlue were added in each well and cells incubated for 2 h. Absorbance 

readings were acquired at 570 nm and 600 nm using a VersaMax Microplate 

Reader and percentage of cell growth inhibition calculated with SoftMax® Pro 

Data Acquistion & Analysis Software (Molecular Devices, CA).  Data points were 

obtained from triplicate wells. 

In vitro assays: Evaluation of 5 µM DENSPM, 0.5 mM putrescine and 

combination of both (DENSPM+PUT) was performed in 6-well plates. A549 cells 

were seeded at 2.5 x 105 cells per well whereas 6TN were seeded at 5.0 x 105 

cells per well. Wells selected for day zero measurements were seeded at twice 

the cell density. Following overnight incubation, day zero wells were harvested 

while growth medium in the other wells was replaced with fresh medium 

containing combinations of the compounds being tested. Cells were harvested 

every three days from triplicate wells during a 20 days period. Growth media 

were renewed every three days. 

Immunoblotting Analysis: After treatment, cells were lysed in T-PER 

Tissue Protein Extraction Reagent containing Halt Protease and Phosphatase 

Inhibitor Cocktail (Thermo Scientific, IL). The samples were then subjected to an 

SDS-polyacrylamide gel, transferred to a nitrocellulose membrane and blotted 
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with anti-SSAT, MAT II, AdoMetDC and β-actin antibodies (Santa Cruz 

Biotechnology). When necessary, protein extracts were concentrated using a 3 

kDa Nanosep Centrifugal Devices (Pall Corp., NY). 
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CHAPTER 3 

RESULTS 

A. Fluorescent Detection of AdoMet and Main Polyamines by High 

Pressure Liquid Chromatography 

Following the method described in Materials and Methods for fluorescent 

detection of AdoMet and polyamines, standard curves were made and used for 

quantitative estimation of the compounds in protein-free cellular extracts. As 

shown in Figure 4, the method allows for base line separation of the two 

naturally occurring isomers, (S,S)-AdoMet and (R,S)-AdoMet. Standard curves 

and quantification were made for the biologically active (S,S)-AdoMet isomer only 

(35-37). Similarly, Figure 5 demonstrates the separation and detection of major 

polyamines putrescine, spermidine and spermine using the same method. The 

elution time for each identified peak was confirmed using standard-spiked 

samples from lung tissue and cell lines extracts.  Standard curves were obtained 

for each polyamine separately and used for quantitative analysis. 
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Figure 4. Fluorescent AdoMet Detection by High Pressure Liquid 

Chromatography (HPLC). Stacked chromatograms showing the detection of 

500 nmol of AdoMet standards (top) and typical detection in derivatized protein-

free extracts of A549 (middle) and 6TN (bottom) cells. Standards and samples 

were processed as described in Materials and Methods. 
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Figure 5. Fluorescent Detection of Polyamines by HPLC. Figure shows, from 

top, stacked chromatograms obtained for spermidine (SPD), spermine (SPM) 

and putrescine (PUT) standards. Typical chromatograms obtained for protein-

free extracts of A549 (second from bottom) and 6TN (bottom) cells are shown at 

the bottom. Both standards and samples were processed as described in 

Materials and Methods.  
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B.  Effect of Chronic Nicotine Administration on Polyamine Metabolism 

of Immunosuppressed Rats 

Besides being the methyl donor for most methylation reactions, AdoMet is 

essential for synthesis of polyamines where following a decarboxylation reaction, 

it donates its aminopropyl group for the synthesis of spermidine and spermine 

from putrescine and spermidine, respectively (30). Due to the absence of 

significant changes in AdoMet synthesis or methylation index that could be 

associated with the fall of lung AdoMet levels ensuing nicotine treatment (58), 

alterations on the polyamine pathway were investigated. Initial examination of 

polyamine pools by HPLC analysis of lung homogenates from rats treated with 

saline solution revealed putrescine, spermidine and spermine levels to be about 

198 ± 14, 759 ± 18 and 1533 ± 15 nmol (g wet weight)-1,respectively. Although 

spermidine and spermine levels were not significantly affected with either 

treatment of 4 µg or 400 µg of nicotine kg-1 h-1, putrescine accumulation was 

found to increase 1.5-fold and 2-fold respectively (Table 3). 
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Table 3. Polyamine Pools in Lung of Rats Treated with Nicotine. 

21-Day i.p. infusion dosagea Putrescineb Spermidineb Spermineb 

Nicotine (4 µg kg-1 h-1)c  288 ± 19* 782 ± 22 1388 ± 32* 

Nicotine (400 µg kg-1 h-1)c 411 ± 33* 820 ± 28* 1420 ± 29* 

Salinec  198 ± 14 759 ± 18 1533 ± 15 

a n = 3, *p < 0.05     

b nmol (g of wet tissue)-1 ± S.D.   

c Nicotine was dissolved in saline. Infusion pumps delivered a constant volume of 

0.150 mL day-1 during 21 days. 

 

 

While nicotine treatment only seemed to cause an evident change in 

putrescine but not spermidine or spermine levels, closer scrutiny of the 

polyamine metabolism indicated that the activity of several enzymes was 

significantly affected. Conservation of polyamine pools within a physiological 

range constitutes the main goal of polyamine metabolism that is primarily 

supported by a fine-tuned balance between polyamine anabolism and 

catabolism. The rate at which those processes occur is dictated by the activity of 

the enzymes involved and that respond to highly complex feedback mechanisms. 

The observed accumulation of putrescine ensuing nicotine treatment could result 

either from induction of ODC, the enzyme responsible of its synthesis, or from 



 
 

38 
 

impaired synthesis of spermidine by spermidine synthase that utilizes putrescine 

as substrate. Because levels of spermidine were not significantly changed, this 

was suggestive of ODC activation. Accordingly, we measured ODC activity in 

lung homogenates from animals treated with 400 µg of nicotine kg-1 h-1, and 

found a 17-fold increase when compared to that from untreated animals (Table 

4). Measuring of AdoMetDC activity, the enzyme accountable for the 

decarboxylation reaction that commits AdoMet to the polyamine metabolism, was 

raised about 7-fold. Since putrescine accumulation along with increased 

production of dcAdoMet could result in higher synthesis of spermidine and 

spermine, MTA levels were quantified and found to be 6-fold greater in nicotine-

treated animals (Table 4). 
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Table 4. Effect of Nicotine on Polyamine Anabolic Enzymes and Metabolic 

Intermediates of Rat Lung 

21-Day i.p. infusion dosagea 
ODC     

Activityb 

AdoMetDC     

Activityc 

MTAd

Nicotine (400 µg kg-1 h-1)e 78 ± 14* 377 ± 76* 768 ± 58* 

Salinee 4.1 ± 1.1 52 ± 20 123 ± 40 

a n = 3, *p < 0.05 

b nmol putrescine (g tissue)-1 h-1 ± S.D.  

c pmol dcAdoMet (mg of protein)-1 h-1 ± S.D.      

dpmol (mg of protein)-1 ± S.D. 

e Nicotine was dissolved in saline. Infusion pumps delivered a constant volume of 

0.150 mL day-1 during 21 days.  

 

 

 

Although higher levels of MTA were indicative of increased spermidine 

and spermine synthesis, pools of the polyamines themselves were not found to 

be increased (Table 3). Since the tight control of polyamines levels inside the cell 

is the hallmark of polyamine metabolism, we determined whether increased 

polyamine synthesis was being compensated by increase polyamine catabolism. 

Activity of SSAT, a key enzyme for maintenance of polyamine homeostasis, was 

found to be increased about 4-fold and significant accumulation of one of its 

products, N-1-acetylspermidine, was confirmed to be about 10-fold (Table 5). 
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Table 5. Effect of Nicotine on Polyamine Acetylation Activity of Rat Lung 

21-Day i.p. infusion dosagea SSAT Activityb 
N-1-

acetylspermidinec

Nicotine (400 µg kg-1 h-1)d 52.3 ± 14* 788 ± 124* 

Salined 11.8 ± 4.1 72 ± 38 

 

a n = 3, *p < 0.05 

b pmol N-1-acetylspermidine (mg of protein)-1 h-1 ± S.D.      

c pmol (mg of protein)-1 ± S.D. 

d Nicotine was dissolved in saline. Infusion pumps delivered a constant volume of 

0.150 mL day-1 during 21 days. 

 

 

C. Effects of DL-α-Difluoromethylornithine and Nicotine on Polyamines 

and AdoMet Levels in the Rat Lung 

The data in Table 6 show the effects of nicotine, DL-α-

difluoromethylornithine (DFMO), and the combination of nicotine plus DFMO on 

rat lung polyamines. Compared with saline-treated controls (Group 4), lung 

polyamine concentrations of DFMO-treated animals (Group 2) show sharp 

declines: putrescine, ~9-fold; spermidine, ~14-fold; and spermine, ~3-fold. 

Nicotine-treated animals (Group 1) show a 1.8-fold increase in lung putrescine, 

but spermidine and spermine are essentially unchanged, results similar to those 

we previously reported (58). For animals given both nicotine and DFMO (Group 
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3), changes in lung polyamines are similar to those given DFMO alone: 

respective decreases of ~9-, ~19-, and ~3-fold. These data show that, with 

respect to polyamines, the effect of DFMO cancels the effect of nicotine (67).  

Data in Table 7 show the effects of nicotine, DFMO, and the combination 

of nicotine plus DFMO on rat lung AdoMet, AdoMetDC, and AdoMet metabolites. 

Compared with controls (Group 4), nicotine-treated animals (Group 1) show ~10-

fold decreases in AdoMet, ~9-fold increases in AdoMetDC, ~3-fold increases in 

dcAdoMet, and ~3-fold increases in MTA, all changes reflecting increased 

AdoMet flux through the polyamine synthesis pathway with attendant increased 

AdoMet consumption. Co-treatment with DFMO ablated the effect of nicotine 

(67). 
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Table 6. Polyamines in Response to Treatment with Nicotine and DFMO. 

21-Day i.p. infusion dosagea Putrescineb Spermidineb Spermineb

Nicotine (475  µg kg-1 h-1)c  394 ± 66* 813 ± 38 1522 ± 78 

DFMO (12 mg kg-1 h-1)c  27 ± 6* 59 ± 15* 579 ± 122*

Nicotine (475  µg kg-1 h-1) + DFMO (12 

mg kg-1 h-1)c  
24 ± 15* 45 ± 21* 622 ± 152*

Salinec  221 ± 45d 844 ± 72d 1645 ± 112d

a n = 3, *p < 0.05 

b nmol (g of wet tissue)-1 ± S.D.  

c Nicotine and DFMO were dissolved in saline. Infusion pumps delivered a 

volume of 0.50 mL day-1 during 21 days.  

d The data for DFMO group was collected separately than for the other groups, 

but exactly the same protocols were used, and a separate group of saline-treated 

controls was included. The putrescine, spermidine, and spermine concentrations 

of DFMO ± S.D.  controls were 244 ± 38, 828 ± 66, and 1592 ± 98 nmol (g wet 

tissue)-1, respectively. Because these are essentially the same as saline controls 

in this table, and all of the comparative ratios are essentially the same regardless 

of the set of controls used for calculation, we included DFMO data in this table. 

However, the correct control data set was used to calculate changes induced by 

DFMO alone.  
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Table 7. AdoMet and AdoMet Metabolites in Response to Treatment with 

Nicotine and DFMO 

21-Day i.p. infusion dosagea AdoMetb AdoMetDCc dcAdoMetb MTAb SAHb 

Nicotine (475  µg kg-1 h-1)d 2.0 ± 0.4* 6.12 ± 1.6* 4.7 ± 1.8 8.8 ± 1.3* 1.3 ± 0.4* 

DFMO (12 mg kg-1 h-1)d  22 ± 2.3 1.5 ± 0.4* 38 ± 6* 3.5 ± 0.9 16.1 ± 1.2

Nicotine (475  µg kg-1 h-1) + DFMO (12 

mg kg-1 h-1)d  
25 ± 4.2 1.3 ± 0.3* 32 ± 5.2* 2.7 ± 0.6 13.8 ± 3.9

Salined  20 ± 3.3e 0.68 ± 0.2e 1.8 ± 0.4e 3.3 ± 0.9e 14 ± 3.2e 

a n = 3, *p < 0.05 

b nmol (g of wet tissue)-1 ± S.D.  

c nmol dcAdoMet (mg of protein)-1 h-1 ± S.D. 

d Nicotine and DFMO were dissolved in saline. Infusion pumps delivered a 

volume of 500 µl day-1 during 21 days.  

e The data for DFMO were collected separately than for the other groups, but 

exactly the same protocols were used, and a separate group of saline-treated 

controls was included. Control group values for AdoMet, AdoMetDC, dcAdoMet, 

MTA, and S-adenosylhomocysteine ± S.D. (SAH) were 22 ± 2.8, 0.74 ± 0.5, 1.7 ± 

0.3, 3.5 ± 1.1, and 12.1 ± 3.4 nmol (g of wet tissue)-1, respectively. Because 

these are essentially the same as the saline controls in this table, and 

comparative ratios are essentially the same regardless of the set of controls used 

for calculation, we included DFMO data in this table. However, the correct control 

data set was used to calculate changes induced by DFMO alone. 
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D. Nicotine Causes Increased Polyamine Biosynthesis in the Alveolar 

Regions of the Lung 

Laser capture microdissection (LCM) was used to collect samples from 

specific lung areas for measurement of ODC activity. Frozen sections from lungs 

of Group 1 nicotine-treated rats and Group 4 control rats were mounted, fixed, 

and stained with hematoxylin and eosin. An LCM instrument was used to identify, 

cut, and capture multiple samples of respiratory epithelium and alveolar regions. 

Figure 6 shows lung sections before and after sample collection by LCM. Panel 

A1 is a section containing an airway, panel B1 shows the same section after the 

airway epithelium has been cut and removed, and panel C1 shows the captured 

sample. Panels A2, B2, and C2 show the equivalent images for capture of an 

alveolar region. Approximately 20,000 laser cuts/captures were performed for 

each area, for both nicotine-treated and control animals. The pooled extracts of 

captured airway epithelium areas of control group rats contained 1.4 µg of protein 

and alveolar areas 1.2 µg. For nicotine-treated rats, the corresponding values 

were 1.4 and 0.99 g, respectively.  
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Figure 6. Laser Capture Microdissection (LCM). These images illustrate 

marking, cutting, and capture of selected regions of lung sections. Panels A1 and 

A2, areas containing airway epithelium and alveoli, respectively, as marked by 

software for subsequent cut and capture. Panels B1 and B2, same sections after 

the marked areas were cut and removed. Panels C1 and C2, captured areas. 

From ref. (67).  
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Table 8 presents ODC specific activities of the extracts and also total lung 

homogenate. For the controls, ODC specific activities of airway epithelium, 

alveolar regions, and lung homogenate are roughly similar, and the increase in 

activity induced by nicotine is specific for alveolar regions (67). 

 

 

Table 8. Ornithine Decarboxylase Activityb in Alveoli and Airway Epithelium 

from Lung Sections of Nicotine-Treated Animals 

a n = 3, *p < 0.05  

b nmol putrescine (g tissue)-1 h-1 ± S.D.  

c Collected by laser capture microdissection from lung sections  

 

 

E. Effect and Recovery Times from Nicotine Treatment are Symmetrical 

Figure 7 presents the recovery of lung AdoMet after the cessation of 

nicotine treatment. Infusion pumps were implanted into a group of 15 rats, and 

21-Day i.p. infusion dosagea Nicotine Saline 

Alveolar regionc 83 ± 12* 4.7 ± 1.8 

Airway epitheliumc 6.1 ± 1.9 5.4 ± 2.1 

Lung homogenate 78 ± 14* 4.1 ± 1.1 
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nicotine was delivered at the same rate as above for 21 days, after which time 

the pump solutions were replaced with saline. At days 1, 3, 7, 14, and 17 post-

cessation of nicotine treatment, three randomly chosen rats were sacrificed, and 

the lungs were collected for analysis of AdoMet content. Recovery of AdoMet 

after cessation of nicotine treatment occurred over 3 weeks, the same period 

required for depletion upon initiation of nicotine treatment (67). 

 

 

 

Figure 7. Recovery of lung AdoMet after cessation of nicotine treatment. 

Each point represents the mean value ± S.D. for lung homogenate AdoMet 

assays for three animals sacrificed at the indicated time post-cessation of 

nicotine treatment (67). 
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F. Effect of N(1),N(11)-diethylnorspermine  and Putrescine on Cell 

Growth of Respiratory Cell Lines 

Since the alkylated polyamine analog N(1),N(11)-diethylnorspermine 

(DENSPM) has been shown to negatively affect cell growth because of its 

profound effect on polyamine metabolism, we hypothesized that co-

administration of this analog along with putrescine should cause stimulation of 

polyamine flux while avoiding cell growth inhibition. In order to directly determine 

whether cell growth was significant impaired by treatment with DENSPM plus 

putrescine (DENSPM+PUT), cell viability was tested with AlamarBlue® as 

described in Material and Methods. For the human tumoral cell line A549, Figure 

8 depicts how as increased concentrations of putrescine are used in conjunction 

with DENSPM, the negative effect on cell viability is progressively lessened, and 

even a slight growth stimulation is observed. The outcome is particularly evident 

at concentrations of 10 µM DENSPM whereas essentially no growth inhibition is 

observed at a lower concentration of 1 µM DENSPM. In Figure 9, a comparable 

behavior is apparent for the rat-derived non-tumoral cell line RLE-6TN although 

with somewhat less sensitivity to the polyamine analog than that observed for the 

human tumoral cell line. Overall, whereas cell growth is not markedly inhibited in 

either cell line after four days treatment with 1 µM DENSPM with or without 

putrescine, at higher concentration (i.e. 10 µM DENSPM) cell growth inhibition 

reached ~50% for A549 cells and ~35% for 6TN cells with putrescine at <0.1 
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mM. This effect was significant reversed when putrescine was increased to 0.5 

mM, resulting in ≤5.0% growth inhibition in both cell lines. Then, a combined 

treatment of 5 µM DENSPM with at least 0.5 mM putrescine was chosen to 

induce polyamine flux in both cell lines. 
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Figure 8. Effect of DENSPM plus Putrescine on A549 Cells Growth. Cell 

viability was estimated by AlamarBlue® as described in Materials and Methods. 

Cells were treated with fixed concentrations of 1 µM (top) or 10 µM (bottom) of 

the polyamine analog DENSPM in combination with increasing concentrations of 

putrescine during 4 days. Cell growth inhibition was obtained from the average of 

an experiment performed in triplicates and calculated as the percentage of 

growth from untreated cells in complete medium. Error bars represent ±SD from 

triplicates. 
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Figure 9. Effect of DENSPM plus Putrescine on 6TN Cells Growth. Cell 

viability was estimated by AlamarBlue® as described in Materials and Methods. 

Cells were treated with fixed concentrations of 1 µM (top) or 10 µM (bottom) of 

the polyamine analog DENSPM in combination with increasing concentrations of 

putrescine during 4 days. Cell growth inhibition was obtained from the average of 

an experiment performed in triplicates and calculated as the percentage of 

growth from untreated cells in complete medium. Error bars represent ±SD from 

triplicates. 
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G. Effect of DENSPM and Putrescine on Polyamine Levels of 

Respiratory Cells 

Since our hypothesis involved manipulation of polyamine metabolism in 

order to gain a diminishing effect on AdoMet levels, first we determined whether 

polyamines pools were affected following treatment with DENSPM plus 

putrescine. A time course experiment was set based on the time dependency for 

AdoMet reduction previously observed in the animal model which occurred 

around 20 days after continuous treatment with nicotine (58,67). 

Polyamine content was quantified as described in material and methods at 

3-day intervals during 18 days in both cell lines, and the obtained levels were 

compared to those from cells grown in normal conditions. In the human tumoral 

cell line, putrescine levels were found to be maintained ~2 ± 0.7 nmol (mg of 

protein)-1 in untreated cells (controls). When DENSPM and putrescine were 

added together to the growth media, putrescine levels were initially increased up 

to 6-fold during the first 6 days, but then adjusted and kept about 4-fold over 

those from controls. Cells grown in media containing putrescine alone exhibited 

accumulation between 4- and 11-fold higher when compared to controls (Figure 

10). Spermidine levels of untreated cells were ~10.2 ± 3.0 nmol (mg of protein)-1 

during the whole experiment and no changes ≥2-fold were detected with neither 

DENSPM+PUT nor putrescine alone (Figure 10).  

Spermine levels in control cells exhibited an increasing trend with an 

average value of ~3.0 ± 0.6 nmol (mg of protein)-1 throughout the experiment. 
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Cells treated with DENSPM+PUT exhibited a similar trend with levels kept about 

the half of controls. Meanwhile, cells treated with putrescine alone sustained 

spermine levels very close to controls with a slight decline between days 15th and 

18th (Figure 10). 

Treatments with DENSPM alone are not included because as has been 

previously demonstrated by others (41), this analog causes a profound depletion 

of polyamine pools accompanied by a severe cell growth inhibition (six days for 

tumoral cells and 9 days for non-tumoral cells in our case). 
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Figure 10. Effect of DENSPM and Putrescine on Polyamine Pools of 

Tumoral Cells. A549 cells were grown during 21 days in complete medium only 

(CTR) or supplemented with either 5 µM DENSPM + 0.5 mM putrescine 

(DSpm+Put) or 0.5 mM putrescine (Put). Polyamine pools were determined 

every 3 days as described in materials and methods. Error bars represent ±S.D 

of triplicates.     
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Polyamine pools from rat-derived immortalized cells were quantified as 

those in tumoral cells and are presented in Figure 11. Untreated cells exhibited 

putrescine values fluctuating around 3.1 ± 1.4 nmol (mg of protein)-1 having a 

noticeable increase to 5.5 nmol (mg of protein)-1 on day 9th only. Cells grown in 

presence of DENSPM+PUT exhibited about 7-fold higher levels throughout the 

experiment as well as cells treated with putrescine only. Under normal growth 

conditions, spermidine levels averaged 23.5 ± 10.8 nmol (mg of protein)-1 with 

high degree of variability around this value, with values rising up to 2-fold during 

the first half of the experiment (i.e. 10 days) and decreasing about 2-fold by the 

last half. DENSPM+PUT in the growth media caused the cells to keep one-third 

of spermidine pools compared to controls during the first 10 days, and then about 

the same levels for the remaining days. Treatment with putrescine triggered a 

similar effect. Similarly, spermine levels of untreated cells exhibited a trend that 

closely mimicked that described for spermidine with an average value of 4.4 ± 

1.8 nmol (mg of protein)-1. Treatment with DENSPM+PUT caused spermine 

pools to be about 4-fold reduced during the first 10 days, and then progressively 

approach those of untreated cells. Putrescine-treated cells exhibited spermine 

pools that oscillated around 2 nmol (mg of protein)-1 along the experiment 

(Figure 11). 
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Figure 11. Effect of DENSPM and Putrescine on Polyamine Pools on Non-

Tumoral Cells. RLE-6TN cells were grown during 21 days in complete medium 

only (CTR) or supplemented with either 5 µM DENSPM (DENSPM), 5 µM 

DENSPM + 0.5 mM putrescine (DSpm+Put) or 0.5 mM putrescine (Put). 

Polyamine pools were determined every 3 days as described in materials and 

methods. Error bars represent ±S.D of triplicates. 
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H. Effect of DENSPM and Putrescine on AdoMet Levels of Respiratory 

Cells 

Following quantification of polyamine pools, AdoMet levels were 

measured in the same set of samples to determine whether any reduction could 

be achieved in the cell lines treated with DENSPM plus putrescine. Figure 12 

describes the AdoMet levels measured at 3-day intervals during 18 days in the 

human tumoral cell line. Relatively high biological variability in AdoMet levels is 

evidenced in measurements from untreated cells (control) with changes of up to 

3-fold that where consistently obtained among triplicates. Overall, treatment with 

DENSPM plus putrescine did not significantly affected AdoMet levels and they 

were maintained very close to those of untreated cells. Compared to these, the 

largest reduction was ~23% on day 18 only. On the other hand, treatment with 

putrescine alone seemed to occasionally distort the trend observed in untreated 

cells by causing reductions of up to 41% and 28% on days 6 and 15 respectively. 

Nevertheless, AdoMet levels throughout the study were found to be recurrently 

attuned to those of the controls. 
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Figure 12. Effect of DENSPM and Putrescine on AdoMet Levels. A549 

(tumoral) and RLE-6TN (non-tumoral) cell lines were grown during 21 days in 

complete medium only (CTR) or supplemented with either 5 µM DENSPM 

(DENSPM), 5 µM DENSPM + 0.5 mM putrescine (DSpm+Put) or 0.5 mM 

putrescine (Put). AdoMet levels were determined every 3 days as described in 

materials and methods. Error bars represent ±S.D from triplicates.     
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When AdoMet levels of the rat-derived non-tumoral cell line were 

examined, a less variable trend toward steady levels of ~151.6 ± 16.9 nmol (mg 

of protein)-1 was observed in cells grown under normal conditions (Figure 12). 

When cells were exposed to the combination of DENSPM+PUT, there was a 

marked AdoMet increase up to 65% during the first three days with no decrease 

observed until day 9th when levels were reduced ~23.6%, followed by a rise of 

~27% on day 12th and again a fall of ~31% on day 15th as compared to untreated 

cells. After 18 days treatment, the observed reduction was <5%. Putrescine 

alone seemed to increase AdoMet levels most of the time, except for reductions 

of 32% and 24% on days 6th and 15th respectively, when compared to untreated 

cells. 

Overall, although treatment with DENSPM+PUT or Put alone seemed to 

have an effect on AdoMet levels at some time-points, a tendency to adjust and 

maintain such levels similar to those of untreated cells was apparent. 

I. Effect of Putrescine on DENSPM Uptake by Respiratory Cells 

Previous studies addressing the effect of DENSPM on polyamine uptake 

pointed to the polyamine analog as a strong competitor that seemed to effectively 

utilize the not yet well characterized polyamine transport system (70). In order to 

determine whether the concentration of putrescine used in our experiments 

significantly affected DENSPM uptake in tumoral cells, we measured the 

intracellular levels of the analog following treatment with DENSPM+PUT during 6 
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days, and then compared them to those of cells grown in medium containing 

DENSPM only which accumulated to a level of 10.9 ± 0.3 nmol (mg of protein)-1. 

We found that in the presence of 0.5 mM putrescine the tumoral cell line 

accumulates only ~47% of the analog. Furthermore, measurements of DENSPM 

at 3-day intervals in cells treated with DENSPM+PUT during 18 days indicated 

an accumulation peak of 5.15 ± 0.0 nmol (mg of protein)-1 on days 6 and 9, 

followed by steady levels of 3.18 ± 0.4 nmol (mg of protein)-1 of (Figure 13). 

Intracellular levels of DENSPM in non-tumoral cells grown in presence of 

the analog alone reached a level of 23.5 nmol (mg of protein)-1 by the 9th day, 

whereas those exposed to the combination of DENSPM+PUT accumulated only 

about 34.1% of the analog during the same time. Three-day interval 

measurements along 18 days indicate these cells reached a peak of 10.33 ± 2.2 

nmol (mg of protein)-1 of intracellular DENSPM on the 6th day  followed by a 

gradual decline to steady levels of 3.23 ± 0.7 nmol (mg of protein)-1 on the 15th 

day  and onwards (Figure 13). 
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Figure 13. Effect of Exogenous Putrescine on Intracellular Accumulation of 

DENSPM. A549 (tumoral) and RLE-6TN (non-tumoral) cell lines were grown in 

complete medium supplemented with 5 µM DENSPM + 0.5 mM putrescine 

(DENSPM+Put). As a comparison, accumulation of the analog in the absence of 

putrescine (DENSPM) is shown just up to days 6 and 9 of 5µM treatment, since 

cell growth is completely inhibited afterwards in tumoral and non-tumoral cells, 

respectively. Intracellular accumulation of DENSPM was determined every 3 

days as described in materials and methods. Error bars represent ±S.D from 

triplicates. 
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J. Protein Levels of Methionine Adenosyl Transferase 

Since intracellular AdoMet levels might be primarily affected by the 

availability of MAT, the enzyme responsible for AdoMet production, we examined 

the magnitude of the effect that our treatments could have on the availability of 

this enzyme. Western blots performed with total protein of tumoral cells indicate 

that MAT protein levels remained unchanged most of the time along the 18 days 

of the experiment in those cells treated with DENSPM+PUT or putrescine alone 

when compared to untreated cells. Notably, when tumoral cells were treated with 

DENSPM only, a significant reduction compared to controls was evident on day 6 

(Figure 14). 

When levels of MAT protein were examined in the non-tumoral cell line, no 

significant variations were found between cells grown under normal conditions 

and those exposed to either DENSPM+PUT or putrescine only, except for some 

dissimilarities where MAT protein was apparently increased on day 6 in cells 

treated with putrescine and on day 9 in those treated with DENSPM+PUT. A 

more conspicuous change as compared to controls was observed in those cells 

treated with DENSPM only, where the amount of MAT protein seems to be 

progressively reduced (Figure 15). 
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Figure 14. Levels of MAT Protein in Tumoral Cells. Western blots were 

performed with protein extracted from A549 cells sampled every 3 days that were 

grown in complete medium only (C) or supplemented with either 5 µM DENSPM 

+ 0.5 mM putrescine (DP) or 0.5 mM putrescine (P). As a comparison, levels of 

MAT protein in cells treated with 5 µM DENSPM (D) are shown just up to the 6th 

day, since cell growth is completely inhibited after this time of the treatment. 

Beta-actin protein was used as loading control. 

 

 

 
Figure 15. Levels of MAT Protein in Non-Tumoral Cells. Western blots were 

performed with protein extracted from RLE-6TN cells sampled every 3 days that 

were grown in complete medium only (C) or supplemented with either 5 µM 

DENSPM + 0.5 mM putrescine (DP) or 0.5 mM putrescine (P). As a comparison, 

levels of MAT protein in cells treated with 5 µM DENSPM (D) are shown up to 

day 9 only, since cell growth is completely inhibited after this time of the 

treatment. Beta-actin protein was used as loading control. MWM (m). 
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K. Proteins of Polyamine Metabolism  

The rationale behind our hypothesis considers some known effects of 

DENSPM and putrescine on the enzymes of the polyamine pathway (41,49,50) 

and thereby, their potential to induce polyamine flux when used in combination.  

By treating cells with DENSPM we expected to induce polyamine acetylation by 

SSAT, a central reaction of polyamine catabolism (71). Nevertheless, this analog 

not only increases the catabolic processing of polyamines but also prevents the 

synthesis of new polyamines by both inhibiting the production of putrescine and 

down-regulating the expression of AdoMetDC. The net result is a drastic 

depletion of polyamines that causes cell growth inhibition (49,71). In order to 

overcome such deleterious effect and as a strategy to induce polyamine flux we 

reasoned that the addition of putrescine would provide itself for the stalled 

production of putrescine inside the cell, counteract the inhibitory effect on 

AdoMetDC production (because of its activating effect on AdoMetDC translation, 

processing and activity (49,72) and finally would serve as a source for synthesis 

of spermidine and spermine required to replenish the pools shortened by 

activation of SSAT.  

By looking at the protein level of both SSAT and AdoMetDC, we found that 

tumoral cells treated with 5 µM DENSPM alone were able to significantly induce 

SSAT expression by day 6 and, as expected, exhibited an evident down 

regulation of AdoMetDC (Figure 16). On the contrary, cells that were treated with 

DENSPM+PUT were incapable to induce SSAT protein to levels comparable to 
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those of cells treated with DENSPM only and when compared to untreated cells, 

they seem to have stimulated AdoMetDC protein expression and processing in a 

similar extent to those of cells grown in putrescine only (Figure 16). 
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Figure 16. Levels of AdoMetDC and SSAT Protein in Tumoral Cells. Western 

blots were performed with protein extracted from A549 cells sampled every 3 

days that were grown in complete medium only (C) or supplemented with either 5 

µM DENSPM + 0.5 mM putrescine (DP) or 0.5 mM putrescine (P). Blotting of 

AdoMetDC results in recognition of one band for the pre-enzyme (39 kDa) and 

one band for the fully processed, active enzyme (29 kDa) (49). SSAT protein is 

recognized as a single band at 20 kDa. As a comparison, levels of AdoMetDC 

and SSAT protein in cells treated with 5 µM DENSPM (D) are shown up to day 6 

only, since cell growth is completely inhibited after this time of the treatment. 

Beta-actin protein was used as loading control. 
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Non-tumoral cells treated with DENSPM alone also showed an inverse 

correlation between up regulation of SSAT and down regulation of AdoMetDC, 

particularly evident on day 9th. When grown in media containing DENSPM+PUT, 

again no up regulation of SSAT protein is apparent and there is also an up 

regulation of active AdoMetDC, similar to that caused by putrescine only, 

compared to untreated cells (Figure 17). 
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Figure 17. Levels of AdoMetDC and SSAT Protein in Non-Tumoral Cells. 

Western blots were performed with protein extracted from RLE-6TN cells 

sampled every 3 days that were grown in complete medium only (C) or 

supplemented with either 5 µM DENSPM (D), 5 µM DENSPM + 0.5 mM 

putrescine (DP) or 0.5 mM putrescine (P). Blotting of AdoMetDC results in 

recognition of one band for the pre-enzyme (39 kDa) and one band for the fully 

processed, active enzyme (29 kDa) (49). SSAT protein is recognized as a single 

band at 20 kDa. As a comparison, levels of AdoMetDC and SSAT proteins in 

cells treated with 5 µM DENSPM (D) are shown up to day 9 only, since cell 

growth is completely inhibited after this time of the treatment. Beta-actin protein 

was used as loading control. MWM (m). 
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CHAPTER 4 

DISCUSSION 

A. Nicotine Treatment Increases AdoMet Consumption by Polyamine 

Metabolism in the Lung 

We have demonstrated that chronic nicotine administration to the rat 

model of PcP results in higher accumulation of the alkaloid in the lung, which 

exhibited a 15-fold reduction of AdoMet levels not observed in plasma or liver 

(58). Similar results were found in guinea pigs when lower doses of nicotine were 

used (64).  Moreover, when nicotine was administered at the same time of 

inoculation with P. carinii to the rat model, a strong prophylactic effect was 

observed and found in good agreement with previous correlations of cigarette 

smoking and less susceptibility to develop PcP in patients infected with HIV-1 

(65).  Remarkably, when nicotine-treated animals received exogenous AdoMet, 

the nicotine effect on PcP was reversed, highlighting AdoMet depletion as an 

important mechanism preventing the development of PcP (58). In fact, when rats 

were inoculated with P. carinii and treated with AdoMet in the absence of 

nicotine, the severity of PcP was exacerbated (58).  
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Our data indicate that chronic nicotine administration causes a reduction 

of AdoMet levels in the lung, reaching its maximum effect about three weeks 

following the beginning of the treatment. While no information on the early effects 

of nicotine can be inferred from our study, these data suggest that there might be 

a cascade of events that ultimately leads to a reduction in AdoMet levels as a 

consequence of an increased consumption by polyamine metabolism. Nicotine 

neither impaired AdoMet synthesis by MAT nor induced an increased 

consumption by methylation reactions as demonstrated by the MAT activity 

assays and unperturbed methylation index (58). Conversely, we found direct 

evidence of nicotine causing an increased enzymatic activity of several enzymes 

in the polyamine biosynthetic pathway as revealed by activity assays of ODC and 

AdoMetDC, the rate limiting enzymes of polyamine synthesis. While we found 

ODC activity to be increased about 17-fold, a 2.2-fold increment was previously 

reported in animals exposed for ten minutes each day on a 8 week period to 25% 

cigarette smoke (73). AdoMetDC activity was found to be augmented 7-fold and 

followed a similar fold-change in MTA, the sub-product of this reaction that 

transfers an aminopropyl group from decarboxylated AdoMet to the synthesis of 

polyamines (58). Remarkably, we found that putrescine, the product of ODC, 

exhibited only about 2-fold increase, while the other polyamines spermidine and 

spermine, did not exhibit an apparent change (58). Such a disparity between a 

significant fold change in the synthetic activity of polyamine enzymes and pools 

of polyamines, seemed to be reconciled with an increment in the activity of the 
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catabolic enzymes. Activity assays for the rate limiting enzyme of polyamine 

catabolism SSAT indicated about 4.5-fold increase, whereas lung content of its 

product N-1-acetylspermidine was calculated to be 11-fold higher. Altogether, the 

data suggest that lung AdoMet depletion ensuing chronic nicotine administration 

resulted from an increased anabolic/catabolic cycling of polyamines (58).  

It should be noted that shifts in polyamine metabolism occur very 

frequently as part of the physiological adaptation to diverse forms of stress. 

SSAT activity in particular, is induced via a variety of stimuli, including toxins, 

hormones, cytokines, non-steroidal anti-inflammatory agents, natural products, 

stress pathways, and by ischemia-reperfusion injury. These increases are 

initiated by alterations in Sat1 gene transcription and reinforced by alterations at 

the other regulatory steps, including protein turnover, mRNA processing, and 

translation (50). Considering the length of time necessary to observe the 

depleting effect on AdoMet, it is plausible that nicotine induces a multistep stress 

response with an outcome involving a change in polyamine metabolism. 

Nevertheless, it has been reported that four hours after treatment with 5 mg 

nicotine kg-1, lungs of animals exhibited a 25-fold increase in ODC activity (74). 

This makes also conceivable that a primary effect on polyamine biosynthesis 

precedes a cumulative effect of greater AdoMet consumption than production 

over three weeks. Further in vivo studies of the different polyamine metabolism 

enzymes at early times (i.e. within the first 24 h) of nicotine treatment along with 
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the use of knockout animal models for each of these enzymes would be helpful 

to address this particular question. 

The data obtained during this study derives from animals treated with the 

(R)-nicotine isomer and studies with the (S)-Nicotine isomer have not yet been 

done. It has been previously shown in guinea pigs that (S)-Nicotine reduces both 

SAH and AdoMet levels, while (R)-nicotine had no effect on lung SAH and only 

caused a significant reduction in AdoMet (64). In the liver though, only (R)-

nicotine seemed to cause an increase in SAH while neither isomer caused an 

effect on AdoMet levels. (R)-nicotine was shown in vitro to be a substrate of the 

guinea pig lung azaheterocycle N-methyltransferase, an AdoMet-dependent 

enzyme that is competitively inhibited by (S)-Nicotine (75). Interestingly, in rat 

lung, both isomers cause up regulation of the polyamine biosynthetic enzyme 

ODC (74). Thus, the reducing effect of lung AdoMet levels by both nicotine 

isomers results apparent despite the differences of their effect on other various 

pathways. 

The described data led us to propose that nicotine acts prophylactically in 

an animal model of PcP by reducing lung AdoMet via perturbation of polyamine 

metabolism. We propose a model in which increased cycling of polyamines 

resulting from up-regulated biosynthetic and catabolic enzymatic activities, 

induces polyamine flux and thereby AdoMet consumption. We found nicotine to 

be extremely useful as a proof of principle that supports targeting of the 

polyamine metabolism as a tool to achieve reduction of AdoMet levels in the 
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lung. Nevertheless, further evaluation of polyamine metabolism was required to 

provide direct evidence to support our model.   
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B. Impairment of Polyamine Metabolism Blocks Nicotine–Induced 

Reduction of AdoMet Levels in the Lung  

A critical test of the hypothesis that nicotine causes lung AdoMet depletion 

by stimulating polyamine metabolism was to determine whether blocking 

polyamine synthesis would block nicotine-induced AdoMet depletion. One 

approach would be to inhibit the AdoMet-consuming step of polyamine 

metabolism, decarboxylation of AdoMet by AdoMetDC. One of the best 

characterized inhibitors of AdoMetDC, methylglyoxalbis(guanylhydrazone) 

(MGBG) was being studied as an antileukaemic agent when it was found to be a 

competitive inhibitor of AdoMetDC (41,76). Although MGBG is available in 

adequate amounts for in vivo experiments, its anti-proliferative properties result 

from the toxic effects it exerts on the mitochondria before achieve an actual effect 

on polyamine pools (41,77). Such an off target effect would necessarily limit 

confidence in our conclusions. An alternative approach was to block AdoMet 

consumption indirectly by inhibiting the other initial step of de novo polyamine 

synthesis, decarboxylation of ornithine by ODC to produce putrescine; limiting 

putrescine limits aminopropyl acceptors, thereby restricting dcAdoMet use and 

thus consumption of AdoMet to produce dcAdoMet. We chose to block 

putrescine production because it is only one step downstream from direct 

inhibition of AdoMetDC and because an ideal tool was available: DFMO. In 

contrast to inhibitors of AdoMetDC, DFMO is extraordinarily specific and has no 
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other known metabolic effects. This specificity is due to DFMO being an enzyme-

activated suicide inhibitor that is metabolically inert until the carboxyl group is 

cleaved by ODC. Cleavage activates the α-difluoromethyl group, which alkylates 

a residue within the active site, cysteine 360, causing irreversible inhibition. A 

possible complication was that DFMO treatment has been found to cause a >10-

fold up-regulation in AdoMetDC and a >500-fold increase in dcAdoMet (78), 

effects that might have stimulated AdoMet consumption independent of nicotine, 

thereby masking any reduction in nicotine-induced AdoMet consumption. 

However, not all cells respond similarly (79), and data on Table 7 show that 

DFMO causes only a moderate 2.0-fold up-regulation of rat lung AdoMetDC and 

21-fold increases in accumulation of dcAdoMet. Nicotine treatment produces a 

greater increase in AdoMetDC, 8.5-fold, but a smaller increase in dcAdoMet, 2.6-

fold, a pattern consistent with our hypothesis.  

Table 6 data show that DFMO-treated animals have severe reductions in 

all three polyamines compared with controls, thereby demonstrating dosage 

suitability. The declines in putrescine and spermidine are greater than spermine, 

suggesting that despite blockage of de novo polyamine synthesis, some AdoMet 

consumption continues for spermine synthesis from pre-existing putrescine and 

spermidine, lower polyamines catabolically produced from spermine, and 

polyamines obtained from the diet. This is supported by data on Table 7 that 

show the continuing presence of MTA in lung homogenates of DFMO-treated 

animals. In stark contrast to the 10-fold reduction in lung AdoMet of nicotine-
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treated animals compared with controls, the lung AdoMet content of animals 

treated with both nicotine and DFMO is essentially the same as animals treated 

with DFMO alone; i.e. DFMO reverses the effect of nicotine on lung AdoMet as 

predicted. Similarly, Table 6 shows that the effects on polyamines are essentially 

the same for animals given DFMO treatment alone and for animals given both 

nicotine and DFMO. Table 7 shows that DFMO alone, or in combination with 

nicotine, causes a large increase in dcAdoMet as expected because 

consumption of this intermediate is blocked by inhibition of putrescine production. 

Therefore our hypothesis passed the critical test.  

Other data in Table 7 provide additional support. Not only is lung AdoMet 

reduced by nicotine treatment, but also the AdoMet catabolites dcAdoMet and 

MTA are increased 2.6- and 2.7- fold, respectively. Because such catabolites can 

only be the result of AdoMet utilization for polyamine synthesis, these increases 

indicate increased flux in the polyamine pathway, as predicted. This shift is 

especially notable because it occurs despite severe AdoMet depletion and 

therefore indicates a strong diversion of AdoMet to polyamine metabolism. 

Although the 0.65 methylation index of the nicotine-treated group is similar to the 

0.70 index of saline controls, the absolute concentration of lung S-adenosyl 

homocysteine declines 10-fold in nicotine treated animals compared with 

controls; this result also points away from increased activity in methylation 

pathways being involved in lung AdoMet depletion. Although it might seem that 

additional supporting data could be obtained by using DFMO to reverse the 



 
 

77 
 

ability of nicotine to suppress PcP, this is not possible because DFMO itself is 

highly active against PcP both in the rat model (80) and clinically (81). Because 

of the very rapid response of this pathogenic fungus to manipulation of polyamine 

metabolism, DFMO is particularly effective when steadily infused (68,82).  

There is precedence for increased polyamine flux causing cellular AdoMet 

reduction. When cells of the LNCaP prostate tumor line were genetically 

manipulated to increase SSAT mRNA 10-fold leading to a 20-fold increase in 

SSAT activity, the cells compensated for increased polyamine catabolism by 

increasing polyamine synthesis, and the polyamine content of the cells did not 

decline (83). ODC activity increased 10-fold, and AdoMetDC activity increased 8-

fold. This increased polyamine flux required increased consumption of AdoMet, 

and cell AdoMet content declined. With respect to the increase in putrescine and 

lack of change in spermidine and spermine content, the effects of nicotine on rat 

lungs and SSAT overexpression in LNCaP prostate tumor line cells are similar. 

Other effects, however, are dissimilar. The 20-fold SSAT activity increase in the 

cell line is greater than the 4.4-fold increase in lungs of nicotine-treated rats, and 

the >1000-fold increase in the SSAT product N-1-acetylspermidine in the cell line 

is far greater than the 11-fold increase in the lungs. These data suggest a greater 

polyamine flux increase in the cell line than in the lung, yet AdoMet declined only 

2-fold in the cell line overexpressing SSAT, far less than in lungs of rats treated 

with nicotine. It is possible that, despite the greater shift in enzyme activities, 

polyamine flux changes less in the cell line than in the lungs, but a more 
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plausible explanation is that the cell line is better able to compensate for 

increased AdoMet consumption by increasing AdoMet production. This possibility 

brings up an interesting point. Increases in ODC and SSAT are common 

responses to stress, including exposure to nicotine (84,85), but a nicotine-

induced decline in AdoMet has never been described except for lungs. 

Therefore, the selective effect of nicotine on lung AdoMet may not depend so 

much on a selective increase in lung polyamine flux, but on an inability of lung 

cells to increase the AdoMet supply to compensate for increased consumption. 

Perhaps methionine needed for AdoMet synthesis is limited in lungs because of 

competing needs for 1-carbon intermediates for lipid synthesis, or perhaps lungs 

are unable to increase AdoMet synthesis for another reason. These questions 

cannot be answered with available data, but experimental approaches are 

feasible.  

Even considering the remarkable degree of lung AdoMet depletion, the 

ability of nicotine to prevent PcP development in a rat model is extraordinary. We 

considered the possibility that AdoMet depletion may be especially marked in the 

cells Pneumocystis uses for attachment and nourishment: Type I pneumocytes of 

the lung parenchyma. To explore this, we used LCM to collect samples of lung 

parenchyma from sections of lungs taken from nicotine-treated and control rats; 

samples of airway epithelium were collected for the control (see Figure 6 for 

examples). Nicotine caused an 18-fold increase in alveolar region ODC activity, 

but only a 10% increase in airway epithelium activity (Table 8). The increases in 
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lung parenchyma and total lung homogenate are similar, reflecting the relative 

composition of the lung. Although these data show that lung AdoMet depletion is 

not general, LCM resolution does not allow discrimination among various cell 

types present in the alveolar region: Type I and Type II pneumocytes, 

macrophages, fibroblasts, capillary endothelia, and blood cells within the 

capillaries. One could speculate that Type I pneumocytes are the target because 

they are the most common cell type of the parenchyma and Pneumocystis 

adheres to them. However, because nicotine causes a 10-fold AdoMet reduction 

overall (58,80), and the parenchyma is not 90% Type I cells, this would mean 

that the base-line AdoMet in all other lung parenchyma cells would have to be 

very low if depletion of Type I cells results in 10-fold reduction of lung AdoMet. 

Although data for AdoMet concentrations within lung regions is unavailable, 

broadening the speculation to include both Type I and II pneumocytes reduces 

this problem because these cells do comprise the bulk of the parenchyma. 

Although Type I and II cells have different morphologies, compositions, and 

functions, one develops directly from the other, so it is not unreasonable to 

speculate that they respond similarly to nicotine. This is another interesting 

question requiring further work for resolution.  

A recent paper reported the effects of smoking and nicotine on related 

aspects of lung metabolism (86). But because the focus of that work was on 

asthma, the concentration was on airway epithelium, not alveolar regions. The 

authors found airway epithelium to show increases in expression of both ODC 
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and arginase I, the enzyme that produces the ornithine substrate for ODC. The 

results were based on immunochemistry to detect protein and in situ 

hybridization to reveal corresponding mRNA. Quantification was by visual 

inspection of coded slides. They also studied the response of cultured cells to 

nicotine stimulation using quantitative PCR. These authors report a 2-fold 

increase in airway epithelium ODC protein and mRNA in sections and a 1.8-fold 

increase in mRNA of cultured cells. In contrast, we found only a 10% increase in 

ODC enzyme activity in airway epithelium. We cannot explain this difference, but 

note different techniques were used and the fact that their samples were from 

asthmatic patients, smokers and nonsmokers, and cultured cells, whereas our 

samples were from otherwise healthy laboratory animals, some treated with 

nicotine and some not. Besides those differences, they measured ODC protein 

and mRNA, and we measured ODC activity in these experiments. Because 

control of ODC activity involves many posttranslational mechanisms in addition to 

control of its expression, it is possible that both sets of results are correct and 

would be the same even if the samples were the same. This is a very new area 

of investigation, and better explanations will likely arise with further work.  

We previously showed that rat lung AdoMet declines slowly upon initiation 

of nicotine treatment (58), and the data here (Figure 7) show that recovery upon 

withdrawal is also very slow. The curves are mirror images with each requiring 

about 3 weeks for completion. Because pneumocytes are replaced over a similar 

time period (87), the notion arises that the presence of nicotine may cause a 
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change in the phenotype of pneumocytes as they are produced in a manner 

reminiscent of the reticuloendothelial system cells iron transport phenotype being 

dependent on iron stores at the time they are produced (88). However, other data 

show a rapid increase in lung ODC upon exposure to nicotine and cigarette 

smoke and therefore argue against this notion (73,74,86). It may be that nicotine 

causes relatively rapid changes in enzyme activities, but these changes cause 

only a slightly greater rate of AdoMet consumption than production; thus lung 

AdoMet declines slowly upon nicotine exposure and recovers slowly upon 

removal. This remains an open question. The possibility of nicotine being used to 

treat PcP or as a prophylaxis against this disease is another issue, one beyond 

the scope of this report. However, we do note that the 9.6 mg kg-1 day-1 dose of 

nicotine used to collect most of the data presented here produces a steady state 

plasma concentration of 2.32 µg ml-1, near a toxic level. But 1% of this dose, or 

96 µg kg-1 day-1, produces a steady state plasma concentration of 300 nM or 4.9 

ng ml-1 and, when given to immunosuppressed rats starting at the time of 

inoculation with P. carinii, reduces the lung burden at 3 weeks by 85% compared 

with saline treated controls (58). Further insight is offered by the results of a 

human study using well tolerated nicotine-containing gum or lozenges that are 

ordinarily used as aids for those trying to cease smoking or chewing tobacco. 

Lozenges and gum containing 4 mg of nicotine produced plasma nicotine 

concentrations rising over the first hour to ~10 ng ml-1, dropping to about 5 ng ml-

1 at 3 h and dropping further to about 3 ng ml-1 at 6 h. Because these plasma 
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concentrations exceed those observed in rats to suppress PcP by 85%, it is 

possible that a nontoxic nicotine dose could be clinically active against PcP. 

Furthermore, once the initial interaction between nicotine and lung cells that 

initiates increased polyamine cycling is better understood, it might be possible to 

identify analogues that retain this activity but are less toxic than nicotine.  

In summary, data here demonstrate that nicotine-induced lung AdoMet 

depletion is tied to increased polyamine metabolism. This effect on AdoMet is not 

general but is restricted to alveolar regions of the lung. We know that AdoMet 

depletion is a slow process and recovery is as well, but we do not know whether 

this is due to a nicotine-mediated phenotype change as pneumocytes are 

produced or to a small but persistent change in the net difference between 

AdoMet production and consumption. As far as it is known, the effect of nicotine 

on cell AdoMet content is highly preferential for the lungs compared to other 

organs, like liver for example. Still, it is unknown whether this is because lungs 

respond to nicotine by increasing polyamine metabolism more strongly than other 

organs or whether this is a general cell response to nicotine that has a greater 

effect on lungs because they are less able to compensate by increasing AdoMet 

production (67). 
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C. Induction of Polyamine Flux in Respiratory Cells 

We have provided direct evidence supporting the induction of an 

increased polyamine flux by nicotine treatment, that ultimately results in a 

substantial lung AdoMet consumption (67). Likewise, we showed that the 

ensuing decrease in AdoMet levels effectively prevents the development of PcP 

in an animal model (58). With the proof-of-principle and the identification of the 

underlying mechanism, we were able to attempt AdoMet depletion in cultured 

cells using a combination of compounds different than nicotine but with the 

potential to have the same effect on the polyamine metabolism. 

Since polyamines are essential for normal cell growth, physiological levels 

are tightly regulated by a complex cross-talk of polyamine synthesis, degradation 

and transport. Thus, when polyamine levels are low, their metabolism shifts 

favoring increased synthesis and extracellular uptake while decreasing 

catabolism. Conversely, when polyamine levels are too high, their metabolism 

switches in the opposite direction.  The overall polyamine system is not only 

highly sensitive to polyamine levels but it is also readily inducible. In fact, 

polyamine levels are known to fluctuate in response to growth factors, hormones, 

regenerative stimuli, tumor promoters, immunoadjuvants, and a variety of drugs 

and toxic insults (43). We found nicotine to cause polyamine flux by inducing 

both polyamine catabolism and anabolism. This effect favored AdoMet 

consumption that resulted in a prophylactic effect on PcP development in the 
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lung. Nevertheless, nicotine might not be that suitable as a prophylactic agent for 

PcP given its associated toxicity. Thereby, we envisioned a combination of 

compounds with the potential to induce polyamine flux similarly to nicotine and 

test them in respiratory cell lines. Because the requirement for and the 

metabolism of polyamines are frequently deregulated in cancer and other hyper-

proliferative diseases causing differences between normal cells and tumor cells 

with respect to polyamine biology (41), we considered to use both tumoral 

(human, A549) and non-tumoral (immortalized rat RLE-6TN) type II alveolar cell 

lines. This would allow us to distinguish whether the response to the treatments 

could be specific to a malignant phenotype or rather a generalized metabolic 

response.  

The polyamine analog DENSPM is one of the most potent activators of 

SSAT, the rate limiting enzyme of polyamine catabolism (41,50). We reasoned 

that by inducing SSAT activity and consequently, polyamine degradation, we 

would activate a polyamine flux resulting from the cell’s necessity to maintain 

physiological levels of polyamines. Nevertheless, as described in Figures 8 and 

9, cell growth can be seriously impaired with increasing concentrations of 

DENSPM. This cytotoxic effect was slightly more accentuated in tumoral than in 

non-tumoral cells and has been associated in most of the cell lines with super 

induction of SSAT, polyamine efflux, down-regulation of biosynthetic enzymes 

ODC and AdoMetDC, and competition for polyamine uptake, that results in 

dramatic polyamine depletion and cessation of cell growth (89). Since our goal 
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was to induce polyamine flux without undermining cell viability, we decided to 

supplement the growth media of DENSPM-treated cells with putrescine, and in 

this way address the cytotoxic effect of DENSPM when used alone. Certainly, 

Figures 8 and 9 show how addition of putrescine rescues cells from the cell 

growth inhibition caused by DENSPM. Being the product of the reaction 

catalyzed by ODC, externally added putrescine was expected to counterbalance 

the increased degradation of its precursor enzyme and at the same time, to 

provide the source for synthesis of new polyamines. Furthermore, since 

putrescine is known to promote AdoMetDC translation, processing and activity 

(49), we anticipate it to counteract the deleterious effect of DENSPM on 

AdoMetDC alike. Our hypothesis was that under these conditions, a combined 

treatment of DENSPM and putrescine would induce a continuous polyamine flux 

that would raise AdoMet consumption. 

Since our previous studies in the PcP animal model indicated that AdoMet 

depletion was achieved after about three weeks of chronic nicotine administration 

(58,67), we decided to conduct in vitro time course experiments of a similar 

duration so that changes in AdoMet or polyamine levels could be detected if they 

were occurring in a comparable time frame.  Treatment with DENSPM+PUT or 

putrescine alone caused significant increases in putrescine levels of both tumoral 

and non-tumoral cell lines (Figures 10 and 11) and were expected to result 

mostly from an enhanced polyamine uptake that occurs in proliferating cells (43). 

On the other hand, spermidine levels remained almost unperturbed in both cell 
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lines and only spermine was seen to be reduced about 2-fold in tumoral cells 

while unchanged in non-tumoral cells. For the most part, these polyamine pools 

reflected that hazardous polyamine depletion was effectively prevented. 

However, our ultimate goal was to cause reduction of AdoMet levels. Previous 

analysis of AdoMet pools in LNCaP cells overexpressing SSAT revealed that 

overexpression of the enzyme, by inducing high polyamine flux, significantly 

decreased AdoMet pools (90). Furthermore, data derived from a transgenic 

mouse model overexpressing SSAT indicated an average of 40% reduction of 

AdoMet levels in the lung (Figure 18).  In these animals, the activation of 

polyamine catabolism leads to an accelerated flux of polyamines, an 

accumulation of putrescine, and a compensatory increase in the biosynthesis of 

polyamines by ODC due to the reduction of spermidine and/or spermine pools 

(91), strikingly resembling the effect of nicotine on the lung polyamine 

metabolism of our animal model. Nevertheless, an expected reduction of AdoMet 

levels with our combined treatment of DENSPM+PUT did not seem to be 

achieved in either of the cell lines (Figure 12). Such a little change in AdoMet 

pools led us to evaluate whether the cells had indeed incorporated most of the 

analog and if so, whether SSAT activation and polyamine flux were actually 

triggered. 
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Figure 18. Effect of SSAT Overexpression in Lung AdoMet of Transgenic 

Mice. Lungs from wild-type (wt) or transgenic (tg) SSAT animals were 

homogenized and AdoMet levels determined as described in materials and 

methods. Error bars represent ±S.D of measurements independently obtained 

from lungs of five animals per group. *p<0.005. 

 

 

DENSPM is known to share the polyamine uptake system, and alterations 

in polyamine transport have been associated with a decrease in up-regulation of 

SSAT protein (70). When cells were treated with 5 µM DENSPM, we found an 

intracellular accumulation of up to 11 pmol (mg of protein)-1 and 25 pmol (mg of 

protein)-1 in the tumoral and non-tumoral cells, respectively. However, when 5uM 

DENSPM was added in presence of 0.5 mM PUT, only between 30% to 40% of 

those levels were achieved (Figure 13). This data was in agreement with 

previous observations describing DENSPM to compete with natural polyamines 
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for the polyamine transport system (70,89,92,93). Previous reports had 

demonstrated that a combined treatment of 10 µM DENSPM plus 1 µM 

putrescine resulted in  85% reduction of putrescine uptake in melanoma cells 

(70), whilst 10 µM DENSPM plus 10 µM putrescine caused a 70% reduction of 

putrescine uptake in prostate carcinoma cells (89). Our cell viability assays had 

indicated that in order to avoid more than 5% cell growth inhibition, culture media 

of cells being treated with 10 µM DENSPM should be supplemented with at least 

0.5 mM putrescine (Figures 8 and 9). According to our hypothesis, this 

combination should provide enough putrescine to prevent DENSPM from causing 

polyamine depletion and the resulting cell growth inhibition. Nevertheless, 

intracellular measurements of the analog confirmed that cell growth inhibition 

was actually prevented because the excess of putrescine highly superseded 

uptake of DENSPM by the polyamine transport system (Figure 13). Although 

some of the analog was certainly incorporated inside the cells, the attained 

intracellular levels were insufficient to reach an induction of SSAT protein 

comparable to that achieved by treatment with DENSPM alone (Figures 16 and 

17). Based on the cell viability assays and the intracellular accumulation of 

DENSPM, it seems that a desirable super induction of SSAT with this analog 

would be achievable only at the expense of cell growth inhibition. Avoidance of 

critical polyamine depletion with putrescine supplementation would require 

concentrations that would impair intracellular accumulation of effective levels of 

DENSPM.     
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We have attempted to exploit the notion of achieving AdoMet reduction 

through induction of polyamine flux as a result of SSAT activation. In order to 

avoid cytotoxic effects and because of the competitive characteristic of DENSPM 

and putrescine for the same uptake system, adequate concentrations of the 

analog could not be achieved to effectively induce SSAT activity. However, 

pharmacological manipulation of the polyamine metabolism as a mechanistic 

approach to cause reduction of AdoMet pools has been revealed and further 

supported by in vitro (90) and in vivo (Figure 18) models. This would be of 

particular interest for the development of chemotherapeutic agents targeting 

AdoMet availability to treat infectious diseases and carcinogenesis (15,94). 
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CONCLUSIONS 

The studies presented aimed to investigate the role of the polyamine 

metabolism in lung AdoMet reduction following chronic nicotine administration in 

the animal model of PcP. We have discussed, to the extent of the evidence 

obtained, how this tightly regulated polyamine pathway seemed to be the 

ultimate mechanism by which AdoMet pools were reduced in the lung. Moreover, 

we would like to highlight the following observations because of their relevance to 

understand the phenomena just studied: 

 Nicotine acts prophylactically in a PcP animal model by reducing lung 

AdoMet via perturbation of polyamine metabolism. 

 Although nicotine treatment does not cause a significant change in 

lung polyamine levels except for a two-fold increase of putrescine, key 

polyamine anabolic and catabolic enzymes are up-regulated with 

corresponding changes in polyamine metabolic intermediates.  

 Inhibition of ODC blocks the effect of nicotine on lung AdoMet and 

indicates that by increasing lung polyamine catabolic and anabolic 

cycling and/or excretion, chronic nicotine treatment induces polyamine 

flux that leads to increased AdoMet-consuming polyamine biosynthesis 

and depletion of lung AdoMet. 
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 Decline of lung AdoMet levels following nicotine treatment is a slow 

process that takes about three weeks to reach its maximum effect, the 

similar length of time that it takes to recover upon nicotine withdrawal.  

 LCM-based analyses revealed nicotine to cause increased ODC 

activity in the alveolar but not airway epithelium regions of the lung, 

suggesting that tissue specificity likely contributes to the effect of 

nicotine on Pneumocystis pneumonia. 

 The use of nicotine in the animal model of PcP is a proof of concept for 

targeting polyamine metabolism to achieve an effect on AdoMet levels. 

Evaluation of other pharmacological compounds with the potential to 

induce polyamine flux should include either those able to activate 

polyamine catabolic enzymes without inhibiting biosynthetic enzymes 

or a combination of those able to induce both polyamine anabolism 

and catabolism. 

 Attempts to induce polyamine flux by activating SSAT using the potent 

inducer DENSPM required addition of extracellular putrescine in order 

to avoid polyamine depletion as a consequence of ODC and 

AdoMetDC inhibition. Because this is a combination of a polyamine 

analog with a natural polyamine, that seem to share the same 

transport system, the required concentration of putrescine impaired 

efficient DENSPM uptake and consequently, SSAT activation. 

Thereby, at least in respiratory type II alveolar cell lines, combinations 
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of polyamines and/or polyamine analogs might not be successful at 

induce polyamine flux because competitive cellular uptake on the 

same transport system.  

 From the studies performed with the DESPM it is clear that polyamine 

analogs might not be the best strategy to achieve polyamine flux in 

cells since some of these compounds, while inducing SSAT also down-

regulate polyamine biosynthesis, almost as natural polyamines would 

do in order to maintain homeostatic levels. 
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FUTURE DIRECTIONS 

We have demonstrated in vivo manipulation of polyamine metabolism by 

pharmacological intervention with nicotine, We also describe the mechanism 

involved. This constitutes a fertile area of study since the important opportunistic 

infectious agent Pneumocystis has been shown to largely depend on this 

metabolite for survival. Nevertheless, the requirement of new compounds that 

exhibit less toxicity than that associated with nicotine is still desirable. For this 

purpose, it is advisable to consider future studies involving in vitro and in vivo 

evaluation of other pharmacological compounds including nicotine analogs and 

those known to induce polyamine catabolism by activation of SSAT.  

Because transgenic animals overexpressing SSAT have been previously 

obtained, and not only have they been reported to exhibit an increased 

polyamine flux but as well we found them to have a lower level of AdoMet levels 

in the lung, they constitute an interesting model for PcP. According to the findings 

of this work, we predict those animals to have less susceptibility to the 

development of the infection. 

Although the scope of our study focused on the polyamine metabolism of 

the mammalian host, it would be of great interest to determine the effect of 

compounds like nicotine analogs, DENSPM and other polyamine analogs in 

Pneumocystis itself. Such studies will require a comprehensive assessment 

involving both in vitro and in vivo assays. 
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Since several questions remain unanswered regarding the preference of 

nicotine for the lung, studies should be conducted to determine the links that 

might explain such a preference. Likewise, how nicotine exerts its effects so that 

it ultimately leads to activation of SSAT and thereby polyamine catabolism 

constitutes a paramount question that could open new alternatives to target 

polyamine metabolism, a subject of growing interest in other fields like cancer 

research. 

Our data described some of the effects of nicotine on the polyamine 

metabolism of the lung. Because we only evaluated a single method of delivery, 

namely i.p., it would be of particular interest to determine whether novel methods 

of delivery can significantly change the intensity of the effects here described and 

their distribution among different tissues. 

Further assessment of the effect of reducing AdoMet pools required for 

other processes like methylation reactions, 1-carbon metabolism as well as folate 

and methionine availability is needed to determine to which extent cellular 

functions in the lung might be affected. 
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APPENDIX A  
 
 

6TN    RLE-6TN Rat Lung Epithelial Cell Line 

AdoMet    S-adenosylmethionine  

AdoMetDC   S-adenosylmethionine Decarboxylase  

AIDS    Acquired Immune Deficiency Syndrome  

APAO    N1-acetylpolyamine Oxidase  

CTR    Untreated Cells or Animals 

dcAdoMet   Decarboxylated S-adenosylmethionine  

DENSPM    N(1),N(11)-diethylnorspermine  

DENSPM+PUT   Treatment with DENSPM plus Putrescine  

DFMO    DL-α-difluoromethylornithine  

FDA    Food and Drug Administration  

GPC1    Glypican 1  

HIV    Human Immune-Deficiency Virus  

HPLC    High Pressure Liquid Chromatography  

i.p.     Intraperitoneal delivery 

IF5A    Eukaryotic Translation Initiation Factor 5A  

LCM    Laser Capture Microdissection  

MAT    Methionine Adenosyltransferase  

MTA    5’-deoxy-5’-(methylthio)-adenosine  

MWM    Molecular Weight Marker 

ODC    Ornithine Decarboxylase  

PcP    Pneumocystis Pneumonia  

Put    Putrescine  
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SAH    S-adenosylhomocysteine  

SMO    Spermine Oxidase  

SSAT    Spermidine/Spermine N1-acetyltransferase  

TMP-SMZ   Trimethoprim and Sulfamethoxazole  

TNF    Tumor-necrosis Factor 
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