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Pneumocystis pneumonia (PcP) is the most common
opportunistic disease in immunocompromised patients.
Alveolar macrophages are responsible for the clearance of
Pneumocystis organisms; however, they undergo a high rate
of apoptosis during PcP due to increased intracellular poly-
amine levels. In this study, the sources of polyamines and
mechanisms of polyamine increase and polyamine-induced
apoptosis were investigated. The level of ornithine decarbox-
ylase (ODC) was elevated in alveolar macrophages, and the
number of alveolar macrophages that took up exogenous
polyamines was increased 20-fold during PcP. Monocytes, B
lymphocytes, and CD8� T lymphocytes that were recruited
into the lung during PcP expressed high levels of ornithine
decarboxylase, suggesting that these cells are sources of poly-
amines. Both protein and mRNA levels of antizyme inhibitor
(AZI) were increased in alveolar macrophages during PcP.
This AZI overexpression correlated with increased poly-
amine uptake by alveolar macrophages, because AZI expres-
sion knockdown decreased the polyamine uptake ability of
these cells. AZI expression knockdown also decreased the
apoptosis rate of alveolar macrophages. Pneumocystis orga-
nisms and zymosan A were found to induce AZI overexpres-
sion in alveolar macrophages, suggesting that �-glucan,
which is the major component of the Pneumocystis cell wall,
induces AZI overexpression. The levels of mRNA, protein,
and activity of polyamine oxidase were increased in alveolar
macrophages during PcP, indicating that the H2O2 generated
during polyamine catabolism caused alveolarmacrophages to
undergo apoptosis. Taken together, results of this study indi-
cate that Pneumocystis organisms induce AZI overexpression
in alveolar macrophages, leading to increased polyamine syn-
thesis and uptake and apoptosis rate of these cells.

Pneumocystis is an opportunistic pathogen; it causes Pneu-
mocystis pneumonia (PcP)3 in immunocompromised individu-
als, especially in patients with AIDS. Advanced PcP is charac-
terized by infiltration of inflammatory cells in the lung,
thickened alveolar septa, and foamy exudates that fill the alve-
oli. Although host inflammatory responses are important in the
defense against Pneumocystis infection, they may also cause
lung injury leading to impaired gas exchange and respiratory
failure. CD4� T lymphocytes are crucial in the defense against
Pneumocystis infection, because a severe decrease in the num-
ber of CD4� T lymphocytes predisposes patients to the infec-
tion (1). Therefore, prophylaxis with a combination of tri-
methoprim and sulfamethoxazole (TMP-SMX) is usually given
to patients with fewer than 200 CD4� T lymphocytes per
microliter in the blood. TMP-SMX interrupts folate syntheses
in Pneumocystis organisms and is also the most common regi-
men for treatment of PcP. Unfortunately, TMP-SMX-resistant
Pneumocystis organisms have emerged due to mutations in the
dihydropteroate synthase gene (2–4), and some PcP patients
may fail TMP-SMX therapy (3).
The alveolar macrophage is the major cell type responsible

for the clearance of Pneumocystis organisms (5). Several mac-
rophage receptors are involved in recognition of the organism.
Mannose receptor and Dectin-1 have been shown to mediate
phagocytosis of Pneumocystis organisms (6, 7), whereas the
interaction between TLR2 and Pneumocystis triggers NF-�B
activation, leading to increased production of TNF-� and
MIP-2 (8). However, the number of alveolar macrophages is
decreased during PcP in humans (9) and animals (10, 11). This
defect is at least partly due to increased rate of apoptosis of
alveolar macrophages during PcP (11–13). We have found that
the levels of polyamines, including spermidine, N1-acetylsper-
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midine, andN1-acetylspermine are greatly increased in alveolar
macrophages and in the alveoli during PcP (11). We have also
found that bronchoalveolar lavage fluid (BALF) obtained from
Pneumocystis-infected animals can induce normal macro-
phages to undergo apoptosis and that polyamine levels in BALF
from animals with PcP are high (11). This BALF-induced alve-
olar macrophage apoptosis is diminished when the polyamines
in the BALF are depleted and regained when polyamines are
added back to the polyamine-depleted BALF (11). These data
indicate that polyamines induce alveolar macrophage to
undergo apoptosis during PcP.
Polyamines are polycationic amines present in all cells. The

most common biological polyamines are putrescine, spermi-
dine, and spermine. Ornithine decarboxylase (ODC) is the key
enzyme in polyamine biosyntheses. ODC decarboxylates orni-
thine to putrescine, which is converted to spermidine by sper-
midine synthase (SRM). Spermidine is then converted to
spermine by spermine synthase (SMS). Polyamine catabolism is
activated in response to the increased intracellular polyamine
levels tomaintain the cellular polyamine homeostasis (14). This
catabolism is mediated by spermidine/spermine N1-acetyl-
transferase (SSAT), polyamine oxidase (PAO), and spermine
oxidase (SMO). SSAT acetylates spermidine to N1-acetylsper-
midine and spermine to N1-acetylspermine. N1-Acetylsper-
mine and N1-acetylspermidine are excreted from cells or con-
verted back to spermidine and putrescine, respectively, by
PAO, whereas spermine can be back converted to spermidine
by SMO. The catabolic reactions of PAO and SMO are accom-
panied by the generation ofH2O2, a reactive oxygen species that
can induce apoptosis (15).
Polyamines are involved in the regulation of many cellular

functions, such as cell cycle progression (16), differentiation
(17), oncogenesis (18), and apoptosis (19). Polyamines mediate
G1 to S phase transition in the cell cycle by increasing the
expression of cyclin A, which binds to cyclin-dependent kinase
2. The cyclin A-cyclin-dependent kinase 2 complex increases
the rate of DNA synthesis during cell proliferation (16). A num-
ber of studies have demonstrated the essential role of poly-
amine in cell differentiation, but the mechanisms are not clear
(17, 20, 21). The role of polyamines in cancer formation has
been extensively studied, and a number of polyamine-mediated
oncogenesis mechanisms have been reported (18, 22). For
example, the oncoprotein c-Myc activates the expression of
ODC, which produces polyamines to stimulate cell prolifera-
tion (22). Another oncoprotein, K-ras, inhibits polyamine
catabolism by suppressing the transcription of SSAT, resulting
in the accumulation of intracellular polyamines that cause
increased cell proliferation and development of neoplasia (18).
In addition to transcriptional activation by c-Myc, ODC

activity is also regulated at the level of protein degradation.
ODCantizyme (OAZ) binds to and promotes transport ofODC
to the 26 S proteasome for degradation by a ubiquitin-inde-
pendentmechanism. In contrast, AZI prevents ODC from deg-
radation by binding to OAZ. OAZ and AZI also regulate poly-
amine transport. Overexpression of OAZ decreases polyamine
import (23), whereas AZI overexpression increases polyamine
import (24). Themechanisms ofOAZ- andAZI-mediated poly-
amine transport are still unknown.

In this study, we investigated the host sources of polyamines
during PcP. The mechanisms by which polyamine levels are
increased in alveolar macrophages were also examined. The
results showed that inflammatory cells present in the lung dur-
ing PcP are sources of polyamines and that the increase in intra-
cellular polyamine levels in alveolar macrophages are due to
both de novo synthesis of polyamines and increased uptake of
exogenous polyamines.

EXPERIMENTAL PROCEDURES

Rat PcP Model—Pneumocystis carinii infection in rats was
established as described previously (25). Briefly, female Spra-
gue-Dawley rats (Harlan, Indianapolis, IN) of 120–140 g were
divided into three groups designatedNormal, Dex, andDex-Pc.
Normal rats were immunocompetent and uninfected. Dex rats
were treated continuously with 1.8 mg/liter dexamethasone in
drinking water to reduce the number of CD4� T lymphocytes,
mimicking the immunosuppression status in AIDS patients.
Dex-Pc rats were immunosuppressed with dexamethasone and
transtracheally inoculatedwith 7.5� 106Pneumocystis tropho-
zoites 1 week after initiation of immunosuppression. To pre-
vent other opportunistic infections, 10,000 units of penicillin
(Butler, Dublin, OH) was given intramuscularly each week to
eachDex andDex-Pc rat. This antibiotic had no adverse effects
on the growth of Pneumocystis organisms in infected rats. It
took �8 weeks for Dex-Pc rats to develop severe Pneumocys-
tis pneumonia after inoculation. When Dex-Pc rats were
agonal, they were sacrificed for experiments. Age-matched
Normal rats were used as controls, while age-matched Dex
rats were used to control for the effects of the steroid treat-
ment. Giemsa staining of lung impression smears was per-
formed to determine the existence of Pneumocystis and
other microorganisms. Dex-Pc lungs were excluded if they
contained other microorganisms. All animal studies were
approved by the Indiana University Animal Care and Use
Committee and supervised by veterinarians.
Isolation of Alveolar Macrophages—To perform bronchoal-

veolar lavage, rats were first anesthetized by intramuscular
injection of a 0.1-ml ketamine mixture (80 mg/ml ketamine
hydrochloride, 0.38 mg/ml atropine, and 1.76 mg/ml
acepromazine) and then sacrificed. The thoracic cavity and tra-
chea were exposed by dissection. BALF was obtained by instill-
ing 5ml of sterile phosphate-buffered saline (PBS) into rat lungs
via a 14-gauge angiocatheter (BD Biosciences, Bedford, MA)
and then recovering the fluid. In experiments using BALF as
supplement in cell cultures, Dulbecco’s modified Eagle’s
medium (DMEM) instead of PBSwas used for lavage. To isolate
alveolar macrophages, multiple lavages were performed until a
total of 50 ml of BALF was obtained. The cells in this 50-ml
BALF were pelleted by centrifugation at 300� g for 10min and
then resuspended in 5 ml of DMEM. Alveolar macrophages
were isolated by adherence on plastic tissue culture dishes at
37 °C with 5% CO2 for 1 h followed by washing with warm PBS
three times to remove unattached cells. The purity of alveolar
macrophages was�97% as determined by anti-reactive macro-
phage antigen staining described previously (10, 11).
Real-time RT-PCR—Total RNA was isolated using the

TRIzol reagent (Invitrogen) according to the manufacturer’s
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instructions. Reverse transcription was done using the iScript
cDNA synthesis kit (Bio-Rad) with a thermal condition of 25 °C
for 2 min, 42 °C for 30 min, and 85 °C for 5 min. RNA (0.2 �g)
from each sample was reverse transcribed to cDNA, and 2 �l of
each cDNA product was used as the template for real-time
PCR. Real-time PCR analyses for expression of rat ODC, SSAT,
SRM, OAZ, and AZI genes were performed using the Assays-
on-Demand gene expression kits (Applied Biosystems, Foster
City, CA); each of which contained two primers and a FAM-
labeled probe. The mRNA levels of the ribosomal protein S8
gene was determined in an identical manner to serve as the
internal control, because its expression is not affected by immu-
nosuppression or infection (8). The primers and probe used for
the rat ribosomal protein S8 real-time RT-PCR were described
previously (8). Real-time PCR reactions were performed with a
TaqMan Universal PCRMaster Mix (Applied Biosystems) on a
Smartcycler (Cepheid, Sunnyvale, CA) using the following tem-
perature cycling conditions: 50 °C for 2 min, 95 °C for 10 min,
and 40 cycles of 92 °C for 15 s and 60 °C for 1 min.
Western Blotting—Alveolar macrophages adhered in one

well of a 6-well plate (�2 � 106 cells) were scraped in 100 �l of
cold (4 °C) cell lysis buffer (150 mM NaCl, 1.0% Triton X-100,
1% deoxycholate, 5 mM EDTA, 10 mM Tris, pH 7.2) containing
1% protease inhibitormixture (Sigma #P8340). Protein samples
for Western blot analysis were prepared by adding NuPAGE
LDS Sample Buffer (Invitrogen) and NuPAGE Sample Reduc-
ingAgent (Invitrogen) to the cell lysates to a final concentration
of 1 � of each reagent and then boiling for 5 min. Proteins in
each sample were electrophoresed in a 10% polyacrylamide gel
and then transferred onto a polyvinylidene difluoride mem-
brane using the NuPAGE System (Invitrogen). Membranes
were blocked by soaking in a buffer containing 3%bovine serum
albumin, 0.9% NaCl, 100 mM Tris-HCl (pH 7.6) at 25 °C for 1 h
and then reacted with the primary antibody anti-ODC (Lab
Vision, Fremont, CA), anti-SSAT (Novus Biologicals, Littleton,
CO), anti-OAZ (26, 27), anti-AZI (28), anti-cleaved or activated
caspase 3 (Cell Signaling, Danvers, MA), or anti-glyceralde-
hyde-3-phosphate dehydrogenase (Research Diagnostics,
Flanders, NJ) in blocking buffer for 2 h. After washing with
TBST (100 mM Tris-HCl, 0.9% NaCl, 0.1% Tween 20, pH 7.6)
six times, the blots were reacted with a secondary antibody
anti-mouse IgG or anti-rabbit IgG conjugated with horse-
radish peroxidase (HRP) for 1 h at 25 °C followed again by six
washes with TBST. The reaction signals on the blots were
developed by chemiluminescence with the ECL Plus reagent
kit (Amersham Biosciences) and revealed by exposing the
blots to an x-ray film. Densitometry analysis of results on
x-ray films was performed by using National Institutes of
Health ImageJ (rsb.info.nih.gov/ij/).
Fluorescence Labeling of Spermidine—Labeling of spermi-

dine with fluorescein was performed as previously described
(29) with modifications. Due to poor stability in solution, the
fluorophore 5-(and-6)-carboxyl fluorescein succinimidyl ester
(FAM) (Invitrogen) was freshly prepared in DMSO at a final
concentration of 100 mM immediately before use. Spermidine
was dissolved in 200 mM NaHCO3 (pH 8.3) to a final concen-
tration of 2mM. The labeling reactionwas performed bymixing
20�l of FAMwith 1ml of spermidine in a 2-ml Eppendorf tube.

The tube was fastened on a vortexer and shaken for 1 h at room
temperature. The labeled products were separated by electro-
phoresis in a 1% agarose gel in 40mM2-(N-morpholino)ethane-
sulfonic acid monohydrate buffer (pH 6.0) at 100 V for 1 h and
then visualized by UV transillumination. The FAM-labeled
spermidine (FAM-SPD)moved toward the anode and exhibited
an extra band in the gel as compared with the sample contain-
ing FAM only. The portion of the gel containing FAM-SPD or
FAM was excised, chopped to small cubes, and placed at
�80 °C until completely frozen. FAM-SPD was recovered by
centrifugation at 10,000 � g for 2 h at 4 °C. Additional centrif-
ugations were performed if the gel was not completely thawed.
The concentration of recovered FAM-SPD was determined by
spectrophotometry at 494 nm using known concentrations of
FAM as standards. The yield of FAM-SPD was �30 �M. Puri-
fied FAM-SPD was stored in small aliquots at �80 °C until use.
Polyamine Uptake Assay—For in vivo polyamine uptake

assay, each Normal, Dex, and Dex-Pc rat was anesthetized with
100 �l of ketamine mixture intramuscularly and then transtra-
cheally instilled with 200 �l of 5 �M FAM-SPD or FAM. Alve-
olar macrophages were then isolated as described above 1 h
after FAM-SPDor FAM instillation. The cellsweremounted on
slides in a mounting medium containing 4�,6-diamidino-2-
phenylindole to stain the nuclei. Themacrophages that took up
FAM-SPD were detected and enumerated by fluorescence
microscopy. To examine polyamine uptake in Pneumocystis-
infected lungs, frozen lung sections of FAM-SPD-instilled rats
were used. The lungs were first lavaged with 2 ml of PBS three
times to remove free FAM-SPD or FAM and then instilled with
2 ml of OCT compound (Sakura, Tokyo, Japan) via a 14-gauge
angiocatheter. Each lung was then placed in a base mold filled
with OCT and frozen at �80 °C. The frozen lungs were sec-
tioned with a cryostat microtome, and the sections were stored
at�80 °C until use. Frozen lung sections were air-dried for 15 s
and fixed in acetone for 2 min before staining. After an incuba-
tion in 5% bovine serum albumin for 1 h, the lung sections were
reacted with phycoerythrin (PE)-conjugated anti-CD68 anti-
body in 5% bovine serum albumin in PBS for 1 h to stain mac-
rophages followed by three washes with PBS. The nuclei were
counterstained with 4�,6-diamidino-2-phenylindole, and the
stained slides were examined by fluorescence microscopy. The
polyamine uptake assay was also performed in isolated alveolar
macrophages after AZI siRNA knockdown. This ex vivo poly-
amine uptake assay was performed by incubating alveolar mac-
rophages with 2.5 �M FAM-SPD in serum-free DMEM for 1 h
followed by fluorescence microscopy described above.
Immunohistochemical Staining—Rat lungs were fixed in 4%

paraformaldehyde overnight and then embedded in paraffin.
Tissue sections on slides were processed for immunohisto-
chemical (IHC) staining by boiling the deparaffinized sections
inHigh pHTarget Retrieval Solution (DAKO, Carpinteria, CA)
for 20 min to expose hidden antigens. After three PBS washes,
sections were immersed in 3% hydrogen peroxide for 5 min to
deplete the endogenous peroxidase activity. Immunostaining
was performed using the UltraVision LP System with HRP
Polymer (Lab Vision). Briefly, sections were incubated in 1%
bovine serum albumin in PBS for 30 min followed by antibody
staining at room temperature for 2 h. Monoclonal antibodies
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against rat ODC (MP16–2), CD68 (KP1), CD79a (HM47/A9),
and CD3� (6B10) were purchased from Lab Vision, whereas
polyclonal anti-spermidine antibodywas acquired fromAbcam
(Cambridge, MA). The anti-spermidine antibody also cross-
reacts with spermine, according to the manufacturer. Primary
Antibody Enhancer and HRP polymer were used according to
the manufacturer’s instructions. Final chromogenic reaction
was performed with the metal enhanced DAB substrate (Pierce).
FlowCytometry—Isolation of single cells from Pneumocystis-

infected rat lungs was performed as described previously (30).
Each anesthetized rat was perfused with 30 ml of cold Dulbec-
co’s PBS via the right ventricle. A total of 5 ml of Dispase II
(neutral protease, 5 mg/ml, Sigma) was transtracheally injected
into the lungs, and the trachea was ligated with suture silk to
avoid leakage. Lungs containing Dispase II were incubated in
Dulbecco’s PBS for 45 min at 37 °C. The lungs were then cut
into small pieces and incubated in 5 ml of Dulbecco’s PBS con-
taining 1 mg/ml collagenase/Dispase (Roche Applied Science)
and 0.08 mg/ml DNase I Type II (Sigma) for 10 min at 37 °C
with shaking. Digested lungs were forced through an 18-gauge
needle 10 times and thenmixedwith 2ml of fetal bovine serum.
Single cells were isolated by filtering through a 70-�m nylon
mesh and collected by centrifugation at 300� g for 10min. The
pelleted cells were treatedwith 2ml of red blood cell lysis buffer
(Sigma) to remove red blood cells, followed by washing with 10
ml of PBS two times and then enumerated with a hemocytom-
eter. Approximately one million cells were used for each flow
cytometric analysis. Fluorescein isothiocyanate (FITC)-conju-
gated anti-ODC antibody was made by using the FITC
Microscale Protein Labeling Kit (AnaSpec, San Jose, CA). PE-
conjugated antibodies against CD4, CD8, and CD45RA were
purchased from Cedarlane (Burlington, NC). PE-conjugated
anti-CD68 antibody was acquired from AbD Serotec (Raleigh,
NC). FITC- and PE-conjugated mouse IgG1 antibodies were
used as isotype controls. The stained cells were analyzed with a
FACScan flow cytometer (BD Biosciences), and the data were
interpreted by using BD Biosciences CellQuest Software.
AZI Knockdownwith siRNA—The rat AZI siRNAduplex and

scrambled siRNA were synthesized by Integrated DNA Tech-
nologies (Coralville, IA). The sequence of the AZI siRNA was
AAGAUCGUGAAGAAGCACAGU, which has been shown to
be effective against AZI expression (31). To perform siRNA
knockdown, �2 � 106 alveolar macrophages were placed in a
well of a 6-well plate containing 2ml of serum-freeDMEM.The
cells were transfectedwith the siRNAs by adding 2�l of 1�g/�l
of siRNA molecules and 5 �l of TransMessenger (Qiagen) to
the well. After 6 h of incubation at 37 °C with 5% CO2, the
culture medium was supplemented with a final concentration
of 10% fetal bovine serum, 1% antibiotic mixture (Sigma
#P4333), and 2ml of DMEM-based BALF tomimic the original
lung environment. The cells were harvested after 3 days of incu-
bation for real-time RT-PCR,Western blotting, and polyamine
uptake assays described above.
TUNEL Assay—The TUNEL assay was performed using the

DeadEnd Fluorimetric TUNEL System (Promega, Madison,
WI) according to the manufacturer’s instructions. Apoptotic
cells were detected and enumerated by fluorescence micros-
copy with 4�,6-diamidino-2-phenylindole counterstaining.

Cytosolic Cytochrome c Assay—Determination of cytosolic
cytochrome c levels was performed as described previously
(11). Briefly, 2 � 106 alveolar macrophages were lysed, and the
protein concentrations in the cell lysatewere determined by the
Bradford protein assay method (Bio-Rad). A total of 5 �g of
protein in 100 �l of blocking buffer was used to determine the
levels of cytochrome c by the Function ELISA cytochrome c
assay kit (Active Motif, Carlsbad, CA). This kit uses the Sand-
wich ELISA techniquewith the first antibody to capture and the
biotin-conjugated second antibody coupled with HRP-conju-
gated streptavidin to quantify cytochrome c.
PAO and SMO Activity Assay—PAO activity was assayed by

the method of Suzuki et al. (32), which measures the levels of
H2O2 formed.H2O2 converts homovanillic acid to a fluorescent
compound in the presence of HRP. Alveolar macrophages
(�2� 106 cells) from each rat were suspended in 1ml of 83mM
sodium borate (pH 9.0) and broken up by passing through a
1-ml syringe with a 25-gauge needle 20 times. 500 �l of cell
lysate was preincubated with 5 units of HRP for 20min at 37 °C
to remove endogenous substrates of hydrogen peroxide-pro-
ducing enzymes. 100 �g of homovanillic acid and N1-acetyl-
spermine (final concentration, 250 �M) were then added fol-
lowed by an incubation at 37 °C for 30 min. The PAO reaction
was stopped by adding 1ml of 0.1 MNaOH solution. The inten-
sity of fluorescence generated in the reaction was measured by
fluorometrywith an excitationwavelength of 323 nmand emis-
sion wavelength of 426 nm. Protein concentration was deter-
mined with a Bradford protein assay dye (Bio-Rad), and PAO
activity was shown in the amount H2O2 produced per min per
mg of protein. SMO activity wasmeasured by the samemethod
except that the substrate was replaced by spermine.
Statistical Analysis—Data are presented as means � S.D.

with the indicated number of experiments. The two-tailed Stu-
dent’s t test was used for statistical analysis, and the difference
between the two groups analyzed was considered statistically
significant if the p value was �0.05.

RESULTS

Polyamine Synthesis in Alveolar Macrophages during PcP—
To examine whether the increased polyamine levels in alveolar
macrophages during PcP are due to increased polyamine syn-
thesis, the expression levels of ODC, SSAT, and SRM were
determined by real-time RT-PCR and Western blotting. The
results showed that the mRNA levels of ODC, SSAT, and SRM
in alveolar macrophages from immunosuppressed (Dex) rats
were 0.93-, 1.54-, and 1.21-fold, respectively, of those ofNormal
rats (data not shown). Because these differences were not sta-
tistically significant, the results indicated that long term treat-
ment of rats with dexamethasone did not significantly affect
polyamine synthesis mediated byODC, SSAT, or SRM. In alve-
olar macrophages from Dex-Pc rats, ODC, SSAT, and SRM
mRNA levels were 1.01-, 0.94-, and 1.01-fold that of Dex rats
(data not shown), indicating that Pneumocystis infection also
did not significantly affect the transcription of these genes.
Western blotting analysis revealed that the level ODC protein
in alveolar macrophages was not changed by immunosuppres-
sion but was increased �8-fold during Pneumocystis infection
(Fig. 1). In contrast, the SSAT protein level was not altered
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during Pneumocystis infection (Fig. 1). The protein level of
SRM was not determined, because anti-rat SRM antibody was
not commercially available. The change inODCprotein but not
mRNA levels indicated thatODC expressionwas regulated by a

post-transcriptional mechanism in alveolar macrophages dur-
ing PcP.
Polyamine Uptake by AlveolarMacrophages during PcP—El-

evated intracellular polyamine levels could also be due to
increased polyamine uptake; therefore, polyamine uptake
assays were performed. Purified FAM-labeled spermidine
(FAM-SPD) was transtracheally instilled into the lungs of Nor-
mal, Dex, and Dex-Pc rats. One hour after the transtracheal
instillation, rats were sacrificed and lavaged to obtain alveolar
macrophages. Fluorescence microscopy showed that �0.1% of
alveolar macrophages from Normal and Dex rats but greater
than 2% of those from Dex-Pc rats contained FAM-SPD (Fig.
2A), suggesting that the number of alveolar macrophages that
can take up exogenous polyamines was increased by �20-fold
during PcP (Fig. 2B). To confirm that these cells took up FAM-
SPD and not FAM nonspecifically, a separate group of Dex-Pc
rats were transtracheally instilled with FAM. This experiment
revealed that �0.1% alveolar macrophages in this group of rats
internalized FAM (Fig. 2B), confirming the specificity of poly-
amine uptake. To identify the cells that took up polyamines,
frozen lung sections from FAM-SPD-instilled Dex-Pc rats were
stained for the macrophage marker CD68, and all the cells that
contained FAM-SPD were positive for CD68 (Fig. 2C), indicat-
ing that they were macrophages.
ODC Expression in Rat Lungs during PcP—To determine the

sources of polyamines in the lung
during PcP, IHC staining for ODC
was performed on lung sections
fromNormal, Dex, and Dex-Pc rats.
H&E and ODC staining revealed no
differences in the microscopic fea-
tures of the lungs from Normal and
Dex rats, indicating that immuno-
suppression of rats with dexameth-
asone had no effect onODC expres-
sion. However, ODC expression in
the lung was greatly affected by
Pneumocystis infection. The ODC
protein was not detectable in most
pulmonary cells, but was highly
expressed in the mononuclear cells
located around blood vessels and
bronchioles (Fig. 3A), suggesting
that these inflammatory cells were
sources of polyamines during PcP.
Interestingly, the intracellular loca-
tion of ODC was changed during
PcP. ODC was found distributed
evenly in the cytoplasm of inflam-
matory cells from uninfected rats,
but was located in pericytoplasmic
areas in those from infected rats
(Fig. 3A). To identify these cells,
serial lung sections from Dex-Pc
rats were stained with cell-specific
markers CD68 (monocyte), CD79a
(B lymphocyte), and CD3� (T lym-
phocyte). Results showed that these

FIGURE 1. Expression of polyamine synthesis enzymes in alveolar macro-
phages. Protein levels of ODC and SSAT in alveolar macrophages were ana-
lyzed by Western blotting. Results shown are representative of three inde-
pendent experiments. N, normal rats; D, Dex rats; P, Dex-Pc rats; and NS,
nonspecific band.

FIGURE 2. Polyamine uptake assay. A, 200 �l of 5 �M FAM-SPD or FAM was transtracheally instilled into
Normal, Dex, and Dex-Pc rats. Alveolar macrophages were isolated 1 h after the instillation and examined by
fluorescence microscopy. Arrows indicate the cells with internalized FAM-SPD. B, a total of 1000 randomly
selected cells of each sample shown in A were counted, and the percentages of cells with internalized FAM or
FAM-SPD were determined and diagrammed. Results represent mean � S.D. from four experiments. *, p � 0.05
as compared with Dex control. C, Dex-Pc rats were transtracheally instilled with FAM-SPD. 1 h after the instil-
lation, rats were sacrificed, and frozen lung sections were made and stained for the macrophage marker CD68.
Merged images show that the cells that took up FAM-SPD were exclusively alveolar macrophages, because
every cell that took up polyamine was CD68-positive, and no CD68-negative cells took up polyamines.
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ODC-positive cells may be monocytes and B or T lymphocytes
(Fig. 3B). Polyamine production determined by anti-spermi-
dine staining also showed that the cells in this area contain high
levels of polyamines (Fig. 3B).
Flow Cytometry Analysis of ODC-positive Cells in the

Lung with PcP—To quantify and further identify ODC-pos-
itive cells, total lung cells isolated from Dex-Pc rats were
analyzed by flow cytometry. Anti-ODC antibody was labeled
with FITC, and antibodies against CD4, CD8, CD45RA, and
CD68 were labeled with PE. In this assay, 24.44% of total lung
cells from Dex-Pc rats were ODC-positive (Table 1). Dual
staining of the cells with ODC and CD4, CD8, CD45RA,
or CD68 antibodies revealed that 1.83% of the cells

were ODC�CD4�, 8.27% were ODC�CD8�, 9.79% were
ODC�CD45RA� (B lymphocytes), and 7.80% were
ODC�CD68� (monocytes/macrophages).
OAZ and AZI Expressions in Alveolar Macrophages during

PcP—Because OAZ and AZI have been shown to regulate both
polyamine production and transport (23, 24), their expressions
in alveolar macrophages from Normal, Dex, and Dex-Pc rats
were determined. Real-time RT-PCR results revealed that the
mRNA expression levels of OAZ in alveolar macrophages from
Dex and Dex-Pc rats were 0.93- and 0.96-fold, respectively, of
those of Normal rats (Fig. 4A); these differences were not sta-
tistically significant. Western blotting results also showed that
OAZ protein levels in alveolar macrophages were not affected
by immunosuppression or Pneumocystis infection (Fig. 4B). In
contrast, AZI mRNA levels in alveolar macrophages from
Dex-Pc ratswere 3.16-fold higher than those fromDex rats (Fig.
4A), and AZI protein levels in alveolar macrophages were
increased by 6-fold during PcP as determined byWestern blot-
ting (Fig. 4B).
Polyamine Synthesis and Uptake after AZI Knockdown—To

correlate AZI overexpression with alveolar macrophage apo-
ptosis during PcP, alveolar macrophages isolated from Dex-Pc
rats were analyzed for AZI expression, polyamine synthesis,
polyamine uptake, and apoptosis after AZI siRNA knockdown.
Results from real-time PCR showed that AZI siRNA success-
fully decreased AZI mRNA levels by �70% in alveolar macro-
phages from Dex-Pc rats (Fig. 5A). This AZI knockdown was
also found to cause a 60%decrease inODCprotein level in these
alveolar macrophages (Fig. 5B). In the ex vivo spermidine
uptake assay, a 50% reduction in the number of cells taking up
polyamines was observed in the group of cells transfected with
AZI siRNA as compared with control transfectants (Fig. 5C).
Macrophage Apoptosis after AZI Knockdown—BALFs from

Pneumocytes-infected rats have been shown to induce macro-
phages to undergo apoptosis due to elevated levels of poly-
amines (11). To determine whether AZI plays a role in this
BALF-induced apoptosis, 2 � 106 normal rat alveolar macro-
phages were transfected with AZI siRNA and then incubated
with BALF from Dex-Pc rats 6 h after siRNA transfection.
Three days after the transfection and BALF treatment, cells
were analyzed for apoptosis by three differentmethods. Results
from TUNEL assay showed that the number of apoptotic cells
was decreased by 53% (Fig. 6, A and B). The levels of cytosolic
cytochrome c showed a 58% reduction (Fig. 6C), and those of
activated caspase-3 determined by Western blotting were
decreased by 75% in macrophages transfected with AZI siRNA
as compared with controls that were transfected with scram-
bled siRNA (Fig. 6D).

FIGURE 3. ODC expression in the lung. A, H&E staining (top) and IHC staining
for ODC were performed on lung sections from Normal, Dex, and Dex-Pc rats.
Cells reacted with anti-ODC antibody were examined at the magnifications of
200� (middle) and 1000� (bottom). Open and solid arrows indicate the cells
with homogenous and pericytoplasmic ODC expression patterns, respec-
tively. Results shown are representative of three sets of animals. B, IHC stain-
ing for CD68 (monocyte), CD79a (B cell), CD3� (T cell), ODC, and spermidine
was performed on serial sections from Dex-Pc lungs. The control was pro-
cessed in an identical manner except that no primary antibody was used.
Magnification 	 200�.

TABLE 1
Flow cytometry analysis of lung cells from Pneumocystis-infected rats

FITC(�)PE(�) FITC(�)PE(�) FITC(�)PE(�) FITC(�)PE(�)
Isotype control 95.75 � 0.81 0.04 � 0.07 2.54 � 0.10 1.66 � 0.84
ODC-FITC 73.95 � 5.43 0.00 � 0.00 24.44 � 6.78 1.61 � 1.34
ODC-FITC � CD4-PE 77.04 � 4.37 0.07 � 0.06 21.06 � 5.40 1.83 � 1.09
ODC-FITC � CD8-PE 82.07 � 2.59 0.02 � 0.01 9.63 � 1.60 8.27 � 0.99a
ODC-FITC � CD45RA-PE 82.73 � 1.12 0.77 � 0.58 6.71 � 1.37 9.79 � 1.91a
ODC-FITC � CD68-PE 76.73 � 3.19 0.00 � 0.01 15.20 � 8.01 7.80 � 4.42a

a p � 0.05 compared to the FITC(�)PE(�) quadrant of the ODC-FITC group (n 	 4).
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Substances That Induce AZI Overexpression—Because AZI
was found overexpressed in alveolarmacrophages fromDex-Pc
rats, experiments were performed to determine whether cer-
tain substances capable of inducing the expression of AZI are
present in BALF fromDex-Pc rats. Alveolar macrophages from
normal ratswere first treatedwith theBALF and thenmeasured
for AZI mRNA by RT-PCR. This treatment resulted in a 1.5-
fold increase in AZI mRNA levels in alveolar macrophages
compared with the same cells treated with BALF fromDex rats
(Fig. 7A), suggesting that AZI expression in alveolar macro-
phages can be induced by a certain substance in Pneumocystis-
infected lungs. To identify such substance, alveolar macro-
phages from normal rats were treated with Pneumocystis
organisms and the cytokine TNF-�, which is present in high
levels in Pneumocystis-infected lungs. Results showed that
Pneumocystis organisms but not TNF-� increased AZI mRNA
levels in a dose-dependent manner (Fig. 7B). The same result
was observed when normal rat alveolar macrophages were
treated with zymosan A (Fig. 7B). These results suggest that a
component of the Pneumocystis cell wall is responsible for the
increase in AZI expression during PcP.
Polyamine Catabolism and Alveolar Macrophage Apop-

tosis—To investigate whether polyamine catabolism plays a
role in alveolar macrophage apoptosis during PcP, the expres-

sion and activity levels of PAO and SMO in alveolar macro-
phages from Pneumocystis-infected rats were determined.
Results of real-time RT-PCR showed that PAOmRNA levels in
alveolar macrophages from Dex-Pc rats were 2.82-fold that of
those from Dex rats, but SMO mRNA levels were not signifi-
cantly changed (Fig. 8A). PAO protein levels were found
increased �4-fold in alveolar macrophages during PcP (Fig.
8B), and PAO activity in alveolar macrophages from Pneumo-
cystis-infected rats showed a 2.24-fold increase as compared
with the Dex control (Fig. 8C). These results suggest that poly-
amine oxidation plays a role in alveolar macrophages apoptosis
in Pneumocystis-infected lungs.

DISCUSSION

We have previously found that the levels of spermidine,
N1-acetylspermidine, and N1-acetylspermine in both the alve-
oli and alveolar macrophages are elevated leading to increased
rate of alveolar macrophage apoptosis during PcP (11). In the
present study, we investigated the possible mechanisms for
such increase in polyamine levels. The transcription of the
ODC gene, which encodes the key enzyme in polyamine syn-
thesis, in alveolarmacrophages was not affected by Pneumocys-

FIGURE 4. OAZ and AZI expressions in alveolar macrophages. mRNA and
protein levels of OAZ and AZI in alveolar macrophages from Normal (N), Dex
(D), and Dex-Pc (P) rats were determined by real-time RT-PCR (n 	 5) (A) and
Western blotting (n 	 3) (B). The average mRNA levels of OAZ and AZI genes
in alveolar macrophages from Dex and Dex-Pc rats presented in panel A are
shown as -fold increase relative to those of Normal rats, each of which was
arbitrarily set to 1. *, p � 0.05 as compared with Dex control.

FIGURE 5. Polyamine synthesis and uptake after siRNA knockdown of
AZI. A, real-time RT-PCR analysis of AZI mRNA levels after siRNA knockdown.
Alveolar macrophages from Dex and Dex-Pc rats were transfected with AZI
siRNA (siAZI) or scrambled siRNA (Scrambled) and then measured for AZI
mRNA levels. B, the ODC protein level in alveolar macrophages from Dex-Pc
rats was determined by Western blotting after transfection with AZI siRNA
(siAZI) or scrambled siRNA (Scr). C, alveolar macrophages from Dex-Pc rats
were assayed for FAM-SPD uptake after transfection with AZI siRNA (siAZI) or
scrambled siRNA (Scr). A total of 1000 cells of each sample was counted, and
the percentages of cells with internalized FAM-SPD were determined and
diagrammed.
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tis infection, but theODCprotein level in alveolarmacrophages
was greatly (8-fold) increased during PcP (Fig. 1), indicating
that the balance between ODC synthesis and degradation is
altered during Pneumocystis infection. As described above, the
ODC protein level is controlled by both OAZ and AZI. OAZ

binds to ODC and transports it to
the 26 S proteasome for degrada-
tion, whereas AZI competes with
ODC for binding to OAZ. When
AZI binds to OAZ, less ODC is
degraded and thus a steady-state
level of polyamines in the cells is
maintained. Because OAZ mRNA
and protein levels were not changed
(Fig. 4) but both the mRNA (3-fold)
and protein (6-fold) levels of AZI
were greatly increased (Fig. 4), it is
likely that the ODC turnover rate in
alveolar macrophages during PcP is
decreased due to AZI overexpres-
sion. The result that AZI knock-
down by siRNA decreased the ODC
protein level by 60% (Fig. 5B) con-
firmed this possibility. Higher poly-
amine synthesis during PcP was
demonstrated by the IHC experi-
ment in which ODC-positive cells,
mainly inflammatory cells, were
shown to react with the anti-sper-
midine antibody (Fig. 3 and Table
1), indicating polyamine synthesis
in these cells.
An interesting finding in this

study is that ODC distribution in
inflammatory cells was changed
from cytoplasmic to pericytoplas-
mic (Fig. 3A). ODC translocation
has been shown to be associated
with cell cycle progression (33) or
cell activation and transformation
(34). Because inflammatory cells are
activated when they are recruited to
the lung, it is very likely that the
change in ODC distribution is due
to cell activation during PcP and
that this activation leads to elevated
polyamine synthesis.
In addition to increased synthe-

sis, increased uptake of exogenous
polyamines is another possible
cause of elevated polyamine levels in
alveolar macrophages during PcP.
However, polyamine transporters in
mammalian cells remain largely
unknown. Synthetic fluorescent
polyamines have been used to
explore mammalian polyamine
transport systems (35–37), and a

receptor-mediated endocytosis mechanism has been suggested
(35, 36). Another study showed that polyamine uptake was
unaffected in endocytosis-deficient cells and that the internal-
ized polyamines were co-localized with acidic vesicles of the
late endocytic compartment and the trans-Golgi (37). This

FIGURE 6. Macrophage apoptosis after siRNA knockdown of AZI. A, Normal rat alveolar macrophages were
transfected with AZI siRNA (siAZI) or scrambled siRNA (Scr) and then treated with BALF from Dex-Pc rats. Three
days after transfection, a TUNEL assay was performed, and cells were examined by fluorescence microscopy.
B, a total of 1000 randomly selected cells of each sample shown in A were counted, and the percentages of
apoptotic cells were diagrammed. Results represent mean � S.D. from three experiments. *, p � 0.05 as
compared with scrambled control. C, cytosolic cytochrome c levels in cells treated with siRNA and BALF from
Dex-Pc rats were measured. Results represent mean � S.D. from three experiments. *, p � 0.05 as compared
with scrambled control. D, the level of activated caspase-3 in alveolar macrophages from Dex-Pc rats was
determined by Western blotting after transfection with AZI siRNA (siAZI) or scrambled siRNA (Scr).

FIGURE 7. Induction of AZI overexpression. A, Normal rat alveolar macrophages were incubated with Normal,
Dex, and Dex-Pc BALF for 24 h and then examined by real-time RT-PCR for AZI expression. Results represent
mean � S.D. from five experiments. *, p � 0.05 as compared with the Dex control. B, Normal rat alveolar
macrophages were incubated with TNF-� (TNF, 100 – 800 pg/�l), P. carinii organisms (Pc, 20 –160 nuclei/�l), or
zymosan A (Zymo, 40 –320 ng/�l) for 18 h and then examined by real-time RT-PCR for AZI expression. Results
represent mean � S.D. from three analyses. *, p � 0.05 as compared with mock control.
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finding suggests that polyamines are imported by a membrane
carrier (37). Themammalian polyamine transport systems that
have been described appear to have a broad substrate specificity
and can transport a variety of polyamines (35). Therefore, it is
possible that the spermidine uptake system (Fig. 2) is also
responsible for the uptake of N1-acetylspermidine and N1-ace-
tylspermine into alveolar macrophages during PcP. Polyamine
uptake assays are commonly performed using radioactive
polyamines (38–40). Aziz et al. (41) and Aouida et al. (29)
used fluorescein-labeled polyamines to perform such assays
in cultured cells and yeasts by fluorescence microscopy. It
was demonstrated that the fluorescein moiety does not affect
the transport of polyamines (41). In this study, we used fluores-

cein-labeled spermidine to investigate polyamine uptake in
Pneumocystis-infected rats.We alsomodifiedAouida’s labeling
process to increase the yield and showed for the first time that
FAM-labeled spermidine can be used for polyamine uptake
assay in vivo (Fig. 2).
Although the number of alveolar macrophages that took up

fluorescent spermidine (FAM-SPD) in the polyamine uptake
assay was found to be 20-fold higher in Pneumocystis-infected
than in uninfected rats, only �2% of alveolar macrophages in
Pneumocystis-infected rats internalized FAM-SPD (Fig. 2B).
The reason for this low number of cells taking up FAM-SPD is
unknown. It may be that most alveolar macrophages in Pneu-
mocystis-infected lungs already contain high levels of poly-
amines (11) and are no longer able to take up exogenous poly-
amines. The alveolar macrophages that took up FAM-SPD in
the polyamine uptake assay were probably those containing
lower levels of intracellular polyamines. This possibility
remains to be investigated. Because overexpression of AZI has
been shown to increase polyamine uptake (24), it is conceivable
that the increased level of AZI in alveolarmacrophages contrib-
utes to this increased uptake of exogenous polyamines. The
result that AZI expression knockdown by siRNA decreased the
number of cells that can take up polyamines by 50% (Fig. 5C)
strongly supports this possibility. A likely source of exogenous
polyamines is Pneumocystis organisms, because they have been
shown to produce and secrete polyamines, mainly N1-acetyl-
spermine and N1-acetylspermidine (42). Because SSAT levels
were not increased in alveolar macrophage during PcP (Fig. 1),
the elevated levels of acetylated polyamines in alveolar macro-
phages are more likely due to uptake of such polyamines from
exogenous sources. Like SSAT, the expression level of the sper-
midine synthase (SRM), which converts putrescine to spermi-
dine, was also not increased in alveolar macrophage during PcP
(data not shown), suggesting that SRM is not responsible for the
increased spermidine level. It is possible that the increased
spermidine level was due to conversion ofN1-acetylspermine to
spermidine.
In addition to Pneumocystis organisms, we believe that

inflammatory cells are another source of polyamines, because
they stained positively for ODC, and spermidine levels were
high in these cells (Fig. 3B andTable 1). These cells weremainly
located around blood vessels and bronchioles (Fig. 3A) and
therefore are considered inflammatory cells that were recruited
into the lung during PcP. Approximately 25% of the total lung
cells from infected rats were ODC-positive. These inflamma-
tory cells were shown by flow cytometry to be CD4� T cells
(1.83%), CD8�Tcells (9.79%), B cells (9.79%), andCD68� cells
(7.80%) that may be monocytes or macrophages. In this study,
ODCwas found to be present only in inflammatory cells by IHC
staining (Fig. 3) and flow cytometry (Table 1), indicating that
ODC levels were higher in inflammatory cells than in other
types of pulmonary cells. The uninfected lungs were not ana-
lyzed for ODC-positive cells, because very few inflammatory
cells were present.
Conversion ofN1-acetylspermine to spermidine andN1-ace-

tylspermidine to putrescine by PAO is accompanied by the pro-
duction of H2O2 which may damage mitochondria leading to
induction of apoptosis. This mechanism is thought to be

FIGURE 8. Polyamine catabolism. A, the mRNA levels of PAO and SMO in
alveolar macrophages form Normal (N), Dex (D), and Dex-Pc (P) rats were
determined by real-time RT-PCR. The average mRNA levels of these genes in
alveolar macrophages from Dex and Dex-Pc rats are shown as -fold increase
relative to those of Normal rats, each of which was arbitrarily set to 1. Results
represent mean � S.D. from five experiments. *, p � 0.05 as compared with
the Dex control. B, protein levels of PAO and SMO in alveolar macrophages
were analyzed by Western blotting. C, the enzyme activities of PAO and SMO
in alveolar macrophages from Normal, Dex, and Dex-Pc rats were deter-
mined. Results represent mean � S.D. from five experiments. *, p � 0.05 as
compared with Dex control.
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responsible for the loss of alveolar macrophages during PcP,
because reactive oxygen species levels are increased in alveolar
macrophages during PcP (11). Because the mRNA, protein
expression, and enzymatic activity levels of PAOwere all found
to be increased in alveolarmacrophages during PcP (Fig. 8), it is
conceivable that the reactive oxygen species generated by PAO
plays an important role in alveolar macrophage apoptosis dur-
ing Pneumocystis infection. It is possible that PAO overexpres-
sion in alveolar macrophages during PcP is induced by the
increased intracellular levels of PAO substrates N1-acetylsper-
midine and N1-acetylspermine (11). An important finding in
this study is that AZI expression knockdown by siRNA resulted
in a 53% decrease in the number of apoptotic alveolar macro-
phages (Fig. 6B), a 58%decrease in cytosolic cytochrome c levels
(Fig. 6C), and a 75% decrease in the level of activated caspase-3
(Fig. 6D). This result indicates that decreasing AZI protein lev-
els also decreases the apoptosis rate of alveolar macrophages. It
is possible that the reduction in AZI levels causes a decreased
uptake of exogenous acetylated polyamines; therefore, less
acetylated polyamines are available to be converted to regular
polyamines, and thus less H2O2 is produced to trigger apopto-
sis. This is the first demonstration that AZI is involved in apo-
ptosis. A previous study showed that transfection of the gene
encoding OAZ, the negative regulator of AZI, can also induce
apoptosis by activating mitochondrial depolarization and
caspase cascade (43). It is not surprising that bothOAZandAZI
have a pro-apoptotic activity due to the multiple roles of poly-
amines (18, 19).
Polyamines have also been found to be involved in the patho-

genesis ofHelicobacter pylori.H. pylori activates the transcrip-
tional factor c-Myc, which induces ODC expression, resulting
in increased intracellular polyamine pools inmacrophages (44).
This polyamine accumulation greatly reduces the uptake of
L-arginine, which is the substrate of inducible nitric oxide syn-
thase and is also the rate-limiting factor for inducible nitric
oxide synthase translation (45). Therefore, increased poly-
amine levels consequently decrease the synthesis of inducible
nitric oxide synthase inmacrophages and result in loss of innate
immune responses against H. pylori infection (46). H. pylori
also activates SMO to convert spermidine to spermine accom-
panied by generation of H2O2, which causes macrophages to
undergo apoptosis (15, 47). Therefore, induction of apoptosis
by polyamines appears to be a survivalmechanism formicrobes
to evade the clearance by immune systems.
Although both Pneumocystis and H. pylori cause macro-

phages to undergo apoptosis due to elevated levels of poly-
amines, themechanisms in polyamine acquisition are different.
Unlike H. pylori, Pneumocystis does not up-regulate ODC syn-
thesis. Instead, it up-regulates AZI expression leading to
increased uptake of exogenous polyamines and decreases the
degradation of ODC thus increasing polyamine synthesis.
Therefore, the increase in polyamine levels in alveolar macro-
phages during PcP is due to both increased uptake and poly-
amine synthesis. Up-regulation of AZI expression has also been
shown in other diseases. A comparative clinical study showed
that gastric cancer tissue removed during surgery expresses
higher levels of AZI than the surrounding normal tissue (48).
Oncogene Ras-transformed NIH3T3 cells also have increased

AZI expression (24). Although AZI levels have been shown to
be induced in a number of conditions, the mechanisms for AZI
overexpression were largely unknown. In this study, we found
that both Pneumocystis organisms and zymosanA inducedAZI
expression in a dose-dependent manner (Fig. 7B). Because the
major component of zymosan A is �-glucan, which is also the
major component of the Pneumocystis cell wall, it is very likely
that �-glucan induces AZI overexpression in alveolar macro-
phages. The dectin-1 receptor has been shown to be the main
receptor for �-glucan on alveolar macrophages (49), and bind-
ing of �-glucan to dectin-1 has been shown to activate the
NF-�B signaling pathway (50). Therefore, it is possible that AZI
expression is regulated by NF-�B. This possibility is being
investigated. Because increased polyamine levels due to both
increased synthesis and uptake are responsible for the apopto-
sis of alveolar macrophages during PcP, decreasing polyamine
synthesis, uptake, or both may be potential therapeutic
approach for PcP, because we have shown that prevention of
alveolarmacrophage apoptosis reduced the severity of PcP (13).
Difluoromethylornithine, one of themost effective ODC inhib-
itors, has been used to treat rats with PcP, and the results
showed that difluoromethylornithine decreases organism
counts, although it was not as effective as TMP-SMX (51, 52).
This partial success may be due to the compensatory effects of
polyamine uptake. Recently, a synthetic compound, referred to
as compound #7, has been shown to inhibit polyamine import
with very low cytotoxicity (53). This type of polyamine trans-
port inhibitor may be used alone or in combination with diflu-
oromethylornithine for therapy of PcP by decreasing the intra-
cellular polyamine levels and apoptosis rate of alveolar
macrophages.
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