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ABSTRACT

Although in vitro data has linked reactive oxygen species (ROS) to activation of nuclear factor kB (NF-«B), little
data exist regarding this relationship in human disease. We hypothesized that bone marrow transplantation (BMT)
would impart a degree of oxidative stress that might lead to in vivo activation of the redox-sensitive transcription
factor NF-«B. Because NF-«B regulates transcription of many proinflammatory mediators, we reasoned that acti-
vation of NF-xB might contribute to the development of transplant-related complications. To evaluate NF-xB ac-
tivation in humans, we measured NF-«B binding activity in nuclear extracts of bronchoalveolar lavage (BAL) cells
obtained before and after allogeneic bone marrow transplantation (BMT) in 7 patients. Changes in BAL cell NF-
«B binding activity were compared with changes in urinary F>-isoprostane concentration, an indicator of in vivo
free radical-catalyzed lipid peroxidation. Although the extent of in vivo lipid peroxidation has substantial in-
terindividual variability over time, we found a strong correlation between the pre/post-BMT ratio of urinary iso-
prostane concentrations and pre/post-BMT ratio of NF-«B binding activity in BAL cells, R = 0.96, p = 0.0005). This
correlation is selective, because no relationship was found between the transcription factor CREB and urinary F,-
isoprostane excretion. Although limited by the small number of patients studied, our data link oxidant stress to
NF-xB activation in human alveolar macrophages following BMT. It is possible that such interactions may con-
tribute to the clinical course after BMT by affecting transcription of proinflammatory genes. Antiox. Redox Sig-
nal. 2, 93-102.

INTRODUCTION

UCLEAR FACTOR KB (NF-kB) is a het-
N erodimeric transcription factor that influ-
ences the expression of a variety of genes
whose products include cytokines, growth fac-
tors, adhesion molecules, acute-phase proteins,
and immunoreceptors (Siebenlist et al., 1994).
Transactivation of gene expression by NF-«B

may be critical for immune function and gen-
eration of acute inflammation. A variety of
agents have been shown to activate NF-«B in
cells, including bacterial endotoxin, tumor
necrosis factor-a (TNFa), interleukin-18 (IL-
1B), viral proteins, ionizing radiation, and ox-
idative stress (Siebenlist et al., 1994). Recently,
generation of reactive oxygen species (ROS)
has been linked to activation of NF-«B on the
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basis of four lines of evidence. First, treatment
with hydrogen peroxide (H;O,) activates NF-
kB in some cells (Schreck et al., 1992; Los et al.,
1995). Second, agents that activate NF-«B in
cells, including endotoxin, TNFe, IL-18, and
ionizing radiation, produce oxidative stress
(Schreck and Bauerle, 1991; Adamson and
Billings, 1992; Mohan and Meltz, 1994; Repine
and Parsons, 1994). Third, antioxidants have
been shown to inhibit NF-«B activation. An-
tioxidants suppress NF-«B activation in a vari-
ety of cell types in culture (Staal et al., 1990;
Schreck et al., 1992; Ivanov et al., 1993; Mohan
and Meltz, 1994; Sen and Packer, 1996). In vivo,
we have reported that the antioxidant N-acetyl-
cysteine (NAC) inhibits NF-kB activation in
lung tissue and attenuates endotoxin-induced
neutrophilic lung inflammation in rats (Black-
well et al., 1996). Finally, overexpression of en-
dogenous antioxidant defenses has been
shown to block NF-«kB activation. Miro-
chnitchenko and Inouye (1996) have reported
that peritoneal macrophages from transgenic
mice overexpressing human Cu,Zn superoxide
dismutase (SOD) have decreased NF-«B acti-
vation in response to phorbol 12-myristate 13-
acetate. Also, Schmidt et al. (1995) reported that
cell lines that overproduce catalase have di-
minished capability for NF-kB activation. In
summary, these data indicate that oxidant
stress may affect inflammation through activa-
tion of NF-«B.

An accurate estimate of the intensity of in
vivo oxidant stress has been difficult to achieve
(Halliwel and Grottveld, 1987). Isoprostanes
are a family of compounds that are nonenzy-
matically generated during free-radical cat-
alyzed lipid peroxidation of cellular phospho-
lipids. Isoprostanes are structurally similar
isomeric molecules that closely resemble
prostaglandins. Low concentrations of Fp-iso-
prostanes and their metabolites can be detected
in the urine and plasma of normal subjects.
These levels are markedly elevated in animal
models of oxidant stress, cigarette smokers,
and patients meeting the criterion for the adult
respiratory distress syndrome (ARDS) (Mor-
row and Roberts II, 1996; Carpenter et al., 1997).
When analyzed by gas chromatography with
mass spectrometry (GC/MS) in urine, iso-
prostanes may be the most accurate indicator
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of whole-body cellular damage by oxidants. In
this study, we have measured renal excretion
of isoprostanes as a surrogate marker of in vivo
oxidant stress.

Bone marrow transplantation, with atten-
dant conditioning chemotherapy and radiation
therapy, poses a severe stress on the endoge-
nous antioxidant system. Several investigators
have documented a fall in plasma levels of vi-
tamin E and beta-carotene during induction
therapy prior to bone marrow transplantation
(BMT) (Clemens et al., 1990). Durken and co-
workers (1995) have shown a 40% decrease in
“total radical-trapping antioxidant parameter
of plasma,” a functional assay of antioxidant
defense. Also, certain chemotherapeutic agents,
most notably carmustine (BCNU), directly in-
hibit the activity of glutathione peroxidase. In
this setting, Hunnisett and colleagues found a
rise in plasma lipoperoxides in patients under-
going BMT (Hunnisett et al., 1995).

To define the relationship between activation
of NF-kB and oxidant stress in humans, we
measured NF-«B binding activity in nuclear ex-
tracts of bronchoalveolar lavage (BAL) cells in
7 patients before and after allogeneic BMT. We
compared changes in NF-«B activation with
changes in urinary F-isoprostanes. Our data
show that oxidant stress is induced after in-
ductive chemotherapy and BMT in most pa-
tients. We observed a close linkage between
NF-«B binding activity in nuclear extracts from
BAL cells and concurrent whole-body oxidant
stress, as reflected by urinary concentrations of
isoprostanes. Further research is necessary to
relate the appearance of NF-«B gene products
to the clinical course after BMT, including the

development of idiopathic pneumonia syn-
drome (IPS).

MATERIALS AND METHODS

Patient selection

Seven patients were recruited from those un-
dergoing allogeneic BMT at Vanderbilt Uni-
versity as part of the Bone Marrow Transplant-
Lung Injury Following Engraftment (BMT-
LIFE Study). The BMT-Life study is a prospec-
tive 4-year study aimed at understanding
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mechanisms of a form of lung injury following
BMT, known as IPS. Patients undergoing au-
tologous transplants and peripheral stem cell
transfers were not included in this study be-
cause they receive pharmacologic doses of the
antioxidant, dimethyl sulfoxide (DMSO), used
to cryopreserve bone marrow.

Bronchoscopy and bronchoalveolar lavage

Each patient underwent two bronchoscopies
with BAL. The first BAL (n = 7) was performed
in the operating room during placement of a
Hickman catheter just before inductive
chemotherapy (day —8). The second BAL was
performed on either 1 day (n = 3) or 14 days
(n = 4) following BMT (day +1 and +14, re-
spectively). Human alveolar cells were ob-
tained by fiberoptic bronchoscopy as outlined
by the BAL study group (BAL Study Group,
1990). After informed consent and premedica-
tion with atropine, fentanyl, or midazolam, and
with continuous monitoring of EKG and pulse
oximetry, bronchoscopy was done with topical
lidocaine anesthesia. Bronchoalveolar lavage of
the right middle lobe or lingula occurred by in-
stillation of 3—4 aliquots of 50 ml of sterile
saline. Following each instillation, fluid was
gently aspirated by manual suction with a 60-
ml syringe.

Total and differential cell counts and
cell preservation

BAL fluid was filtered through gauze and
centrifuged at 500 X g for 10 min to separate
cells from supernatant. Supernatant was saved
separately and the cellular component was
suspended in 10 ml of serum-free RPMI culture
medium and placed on ice. Total cell counts
were determined on a grid hemocytometer and
differential cell counts were enumerated on cy-
tocentrifuge slides stained with a modified
Wright stain (Diff-Quick) by counting 400-600
cells in cross section. BAL cells were frozen af-
ter adding a sufficient amount of glycerol to the
cellular suspension to result in a 20% final con-
centration. The samples were incubated on a
rocker for 10 min at 4°C placed in a tight Sty-
rofoam container, and then frozen at —70°C.
Preliminary studies, using rat lavage cells,
showed that this method was effective in pre-
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serving cells for extraction of nuclear and cy-
toplasmic proteins for at least 3 months (data
not shown).

Preparation of nuclear protein extracts/
electrophoretic mobility shift assays

Nuclear protein extracts were done on BAL
cells as described previously (Blackwell et al.,
1994). A consensus double-stranded NF-«B or
CREB oligonucleotide (Stratagene, La Jolla,
CA) were used as probes for elecrophoretic mo-
bility shift assays (EMSA). End labeling was ac-
complished by treatment with T4 kinase in the
presence of [32PJATP. Labeled oligonucleotide
was purified on a Sephadex G-25 M column
(Pharmacia Biotech, Inc., Piscataway, NJ). For
NF-«B EMSA, 5 ug nuclear protein was added
to a binding reaction mixture containing 10
mM Tris HCl, pH 7.5, 100 mM NaCl, 1 mM
EDTA, 0.2% Nonidet P-40, and 0.5 mM (DTT)
(Stratagene) and a nonspecific blocker, salmon
testis DNA (0.1 ug/ul) and incubated on ice for
15 min. For CREB EMSA, 5 ug of nuclear pro-
tein extract was added to a 16-ul volume of an
identical incubation buffer (Stratagene) in a to-
tal volume of at least 25 ul. After incubation on
ice, 5-10 X 10° cpm of labeled double-stranded
oligonucleotide was added to each sample.
This mixture was incubated at 25°C for 20 min
and separated by electrophoresis on a 6% poly-
acrylamide gel (PAGE) in 1X TGE buffer. Gels
were vacuum dried and subjected to autoradi-
ography. Autoradiographs were later subjected
to laser densitometry. Cold competition was
done by adding 50 ng of specific unlabeled
double-stranded probe to the reaction mixture.
Nonspecific competition was done by adding
50 ng of unlabeled double-stranded mutant
NE-«B oligonucleotide (5'-CCTGTGCTCCAA-
TTTCCC TGGCCTGGA-3') that does not bind
NEF-«B or CREB.

Isoprostane measurements

Spot urine samples were collected just before
each bronchoscopy and frozen at —80°C before
analysis. Urinary 8-iso-PGF,, was quantified
by modification of our previous published
methods (Blackwell et al., 1996). Briefly, 0.5 ng
of [2H,]-8-is0-PGF,, standard was added to
1 ml of urine and allowed to equilibrate. Fol-
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lowing acidification to pH 3 with 1 N HC],
lipids were extracted with reverse-phase and
straight-phase silica cartridges. After concen-
tration, samples were purified by thin-layer
chromatography (TLC) on LK6D plates with a
mobile phase of chloroform/methanol/acetic
acid/water (86:14:1:0.8, vol/vol/vol/vol).
Samples were eluted from the appropriate sil-
ica segments, concentrated, and converted to
the corresponding pentafluorobenzyl ester by
addition of 40 ul of 10% pentafluorobenzyl bro-
mide in acetonitrile and 20 ul of 10% N,N-di-
isopropylethylamine. Samples were then pur-
ified by TLC using the mobile phase of
chloroform/ethanol (93:7, vol/vol). After con-
centration, samples were converted to the
trimethylsilyl ether derivative by addition of 20
ul of N,O-bis(trimethylsilyl)trifluoroacetamide
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(BSTFA) and 20 ul of dimethyl formamide
(DMF) and incubation at 40°C for 20 min. The
sample was then dried and redissolved in un-
decane in preparation for GC/MS using a Var-
ian-Vista instrument (Sunnyvale, CA) and a
Nermag R1010C mass spectrometer (Fairfield,
NJ). All assays for 8-iso-PGF;, were performed
by stable isotope dilution with GC/MS. In Fig.
1, a representative selected ion current profile
(SICP) (from patient 1) used for quantification
of 8-is0-PGFy, is shown. The lower SICP atm/z
573 corresponds to the internal standard, [2Hy]-
8-i50-PGFj,, added to the initial sample to con-
trol for losses during derivatization. The upper
SICP m/z 569 represents the isomeric F-ring
compounds present in the sample. The location
of 8-iso-PGF;, and PGF,, are labeled. The
quantity of 8-iso-PGF;, was determined by
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FIG.1. Selected ion current profile (SICP) (from patient 1) used for quantification of 8-iso-PGF,. The lower SICP
at m/z 573 corresponds to the internal standard, 8-iso-PGF;,-d4 ([*H4]-8-is0-PGF,,), added to theainit-ial sample to
control for losses during derivatization. The upper SICP m/z 569 represents the isomeric F-ring compounds present
in the sample. The location of 8-is0-PGFy, and PGF,, are labeled. The quantity of 8-iso-PGF;, was determined by
comparison of the area under the elution curve to the internal standard. :
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comparing the peak area of the endogenous
compound to that of the internal standard.
Plasma isoprostanes, obtained at baseline at
near the time of engraftment, were quantified
using identical methods.

Statistical methods

Correlations between variables were sought
using standard linear regression techniques
(Fig. P Software, Durham, NC). The baseline
and peak or periengraftment plasma iso-
prostanes were compared using Student’s t-
test.

RESULTS

Patient characteristics and BAL results

The mean age of the 4 men and 3 women en-
rolled was 43 + 4 years. Five patients had
chronic leukemia and 2 had non-Hodgkin's
lymphoma as indications for BMT. Six patients
received allogeneic transplants and 1 patient
received a syngeneic graft. None of the patients
received cells cryopreserved with DMSO. Four
patients were active cigarette smokers before
BMT and 3 patients were life-long nonsmokers.
All 7 patients underwent the first bron-
choscopy prior to beginning inductive chemo-
therapy. Three patients underwent the second
bronchoscopy 1 day after marrow infusion and
4 patients underwent the second bronchoscopy
2 weeks after transplant. All 4 patients whose
macrophages were collected at 14 days after
transplant were in the immediate periengraft-
ment period, with a mean peripheral blood
leukocyte count of 0.4 = 0.2 cells/mm? Three
of these patients developed skin biopsy-proven
graft-versus-host disease. The other patient de-
veloped both hepatic venoocclusive disease
and idiopathic pneumonia syndrome with fea-
tures of alveolar hemorrhage.

The total number of cells recovered by BAL
was variable, but was not significantly differ-
ent between the first and second broncho-
scopies (48 = 18 X 10° versus 33 * 12 X 106
cells; p = ns). As expected, most of the BAL
cells were alveolar macrophages at the time of
the first BAL. The average counts (mean * SD)
were 96.5 = 2.7% alveolar macrophages, 3.0 *
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2.7% lymphocytes, and 0.5 = 0.6% neutrophils,
and did not change significantly by the time of
the second bronchoscopy (97.0 = 4.3,2.4 + 3.7,
and 2.1 = 3.9, respectively).

Isoprostane measurements

Values of urinary 8-iso-PGF;, obtained dur-
ing the processes of induction chemotherapy,
BMT, and engraftment (through day +14) are
shown for 2 patients in Fig. 2. These 2 patients,
both of whom had alveolar macrophages col-
lected on day +14, are the patients who had
the greatest change from baseline in excretion
of isoprostanes in the sample obtained at the
time of bronchoscopy. During the study, both
patients increased excretion of isoprostanes by
4- to 5-fold; however, the degree of in vivo ox-
idant stress at the time of cell collection differed
markedly between the 2 patients, especially
when normalized to the baseline (361% and
24% of the baseline). Of the 7 patients studied,
6 had a rise above baseline in urinary 8-iso-
PGF,, concentrations at some point during
chemotherapy, BMT, or engraftment. Addi-
tional analysis of mean plasma isoprostane val-
ues in 57 patients undergoing allogeneic BMT
demonstrated a significant rise from 72 * 1
pg/ml at study enrollment to 105 = 1 pg/ml
(mean * SEM) in the periengraftment period
(approximately day +14) (p = 0.002).
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FIG. 2. Values of urinary 8-iso-PGF;, [ng/mg Creati-
nine (Cr)] obtained during the processes of induction
chemotherapy (a crosshatched bar), BMT (indicated by
arrow), and engraftment (through day +14) are shown
for two separate patients.
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Measurement of NF-«xB binding activity in
nuclear protein extracts and correlation with
urinary isoprostane concentration

Because in vitro studies have associated acti-
vation of NF-«kB with the severity of oxidant
stress, we sought evidence for a correlation be-
tween in vivo oxidant stress and NF-«B activa-
tion in humans. Figure 3 shows nuclear NF-xB
binding activity in nuclear extracts of BAL cells
obtained before and after BMT. The single spe-
cific NF-«B band detected in each sample is
identified by an arrow on these two separate
autoradiograms. The upper panel contains
samples from the first and second BAL from
patients 14 and the bottom panel contains
samples from patients 5-7. The specificity of
detected protein binding for the NF-«B motif

Patient # 1 2 3 4
2121 21 2
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FIG. 3. Nuclear NF-xB binding activity in nuclear ex-
tracts of BAL cells obtained before and after BMT. The
single specific NF-«B band detected in each sample is
identified by an arrow on these two separate autoradi-
ograms. The upper panel contains samples from the first
and second BAL from patients 1-4 and the bottom panel
contains samples from patient 5-7. Using samples from
the second BAL from patient 7, the addition of 50 ng of
unlabeled (cold) NF-«B probe completely blocked bind-
ing to the labeled NF-«kB probe whereas the addition of
50 ng of a probe with a mutated NF-«B binding motif (NS,
nonspecific) did not influence the banding pattern. Both
BAL cell samples from each patient were processed at the
same time and were run on the same EMSA.
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FIG. 4. Correlation of NF-xB binding activity and uri-
nary concentrations of 8-iso-PGFy,. The intensity of each
NF-«B band was measured using a laser densitometer and
a ratio of NF-«B activation (post-BMT/pre-BMT) was cal-
culated. Similarly, the ratio of 8-iso-PGFi, (post-
BMT/pre-BMT) was calculated from the spot urinary 8-
iso-PGF;, concentrations obtained just before the
collection of each BAL sample. The relationship is signif-
icant (r = 0.964, p = 0.0005) between the urinary excretion
of 8-iso-PGF;, and BAL cell NF-«B binding activity.

was demonstrated by cold and nonspecific
competition studies. Adding an excess of unla-
beled (cold) NF-«B probe to nuclear protein ex-
tract from the second BAL cell sample from pa-
tient 7 completely blocked binding to the
labeled NF-«B probe, whereas adding an iden-
tical amount of a probe with a mutated NF-«xB
binding motif (NS, nonspecific) did not influ-
ence the banding pattern. Both BAL cell sam-
ples from each patient were processed at the
same time and were run on the same EMSA.
The intensity of each NF-«B band was mea-
sured using a laser densitometer and a ratio of
NF-«B activation (post-BMT/pre-BMT) was
calculated. Similarly, the ratio of 8-iso-PGFi,
(post-BMT/pre-BMT) was calculated from the
spot urinary 8-iso-PGF,, concentrations ob-
tained just before the collection of each BAL
sample. Figure 4 shows the significant rela-
tionship (r = 0.964, p = 0.0005) between the
urinary excretion of 8-iso-PGF;, and BAL cell
NF-«B binding activity.

We chose this method of presenting the data
because the values for each patient can be nor-
malized to their own baseline to correct for in-
terindividual variability. In some patients, the
NF-«B binding activity in nuclear extracts in-
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creased while in other patients NF-«B binding
activity decreased at the time of the second
bronchoscopy. The significant relationship be-
tween NF-«B binding activity and 8-iso-PGF;,
excretion remains significant both for patients
with reduction in systemic oxidant stress and
in those with elevation at the time of the mea-
surements.

Measurement of CREB and correlation with
8-iso-PGFq,

The relationship between NF-«B binding ac-
tivity and 8-iso-PGF,, excretion appears selec-
tive because there is no relationship between at
least one other DN A-binding factor and 8-iso-
PGF,, excretion. Figure 5, A and B, shows rep-
resentative EMSAs from patients 1, 5, 6, and 7
for binding activity of the cyclic adenosine
monophosphate (cAMP) response element
binding protein (CREB) in nuclear extracts of
BAL cells samples. Figure 5a shows the CREB-
binding pattern for nuclear extracts from the
first and second BAL cell samples from patients
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5-7 and Fig. 5b shows the CREB binding pat-
tern from BAL cell samples from patient 1.
Adding excess unlabeled probe to nuclear pro-
tein extract from the first BAL cell sample from
patient 1 completely blocked binding to the la-
beled CREB probe. The addition of excess ir-
relevant probe containing a mutated NF-«xB
binding motif blocked only nonspecific bind-
ing to the labeled CREB probe. There was no
relationship between the post-BMT/pre-BMT
ratio for CREB binding in nuclear extracts of
BAL cells and the post-BMT/pre-BMT ratio for
urinary 8-iso-PGF;, excretion (Fig. 6).

DISCUSSION

The major findings in our study include the
observations that: (i) oxidant stress and lipid
peroxidation are common events during the
process of BMT, (ii) the severity of oxidant
stress, as assessed by urinary isoprostane ex-
cretion, correlates closely with extent of acti-
vation of NF-«B in nuclear extracts of BAL cells,

Bronchoscopy # 1 2 1 1 B
Competition — — ColdNS

g

-«CREB

Nonspecific s

2 3 4

Lane 1

FIG.5. EMSAs from patients 1, 5, 6, and 7 for binding activity of the cyclic adenosine monophosphate (cAMP)
response element binding protein (CREB) in nuclear extracts of BAL cells samples. A. The CREB binding pattern
for nuclear extracts from the first and second BAL cell samples from patients 5-7. B. CREB binding pattern from BAL
cell samples from patient 1. Addition of 50 ng of an unlabelgd probe completely blocked binding to the labeled CREB
probe. The addition of 50 ng of an irrelevant probe containing a mutated NF-«B binding motif blocks only nonspe-

cific binding to the labeled CREB probe.
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FIG. 6. No significant binding was found between the
post-BMT/pre-BMT ratio for CREB binding in nuclear
extracts of BAL cells and the post-BMT/pre-BMT ratio
for urinary 8-is0-PGF;4 excretion. See Fig. 5 for defini-
tion of post-BMT/pre-BMT ratios.

and (iii) changes in BAL cell binding activity
for CREB do not correlate with excretion of
lipid peroxidation products or activation of
NF-«B.

The role of NF-«B in regulating transcription
of genes, such as TNFq, IL-8, cyclooxygenase-
2, and 5-lipoxygenase, that modulate inflam-
mation is well established in tissue culture ex-
periments, but the significance of this factor for
coordinating inflammation in vivo is unknown.
Several recent studies have shown that NF-«B
may play a vital role in lung inflammation
(Blackwell et al., 1994, 1996, 1997; Schwartz et
al., 1996; Haddad et al., 1996; Shenkar et al.,
1996). Schwartz et al. (1996) have reported that
NF-«B is activated in alveolar macrophages
from patients with the ARDS to a higher de-
gree than in alveolar macrophages from criti-
cally ill patients with other diseases. We have
described a rat model of neutrophilic lung in-
flammation following intraperitoneal endo-
toxin injection in which endotoxin injection is
followed by activation of NF-«B in alveolar
macrophages and in lung tissue (Blackwell et
al., 1994, 1996). In vivo activation of NF-«B in
this model correlates with chemokine gene ex-
pression. These events are followed by an in-
flux of neutrophils into the alveolar space.
Interventions such as pretreatment with an-
tioxidants or induction of endotoxin tolerance
block both NF-«B activation and NF-«B-de-
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pendent cytokine gene expression, and prevent
neutrophilic lung inflammation (Blackwell et
al., 1996, 1997). Others have also shown the cor-
relation between NF-«B activation and cy-
tokine gene expression in lung tissue following
an inflammatory stimulus. For example, Had-
dad et al. (1996) showed that ozone exposure
induces NF-«B activation and chemokine gene
expression in rat lungs that could be blocked
by treatment with corticosteroids. In mouse
lung tissue, NF-«B is activated by hypovolemic
shock, which also leads to activation of cy-
tokine production (Shenkar et al., 1996). Taken
together, these studies establish an in vivo link
between NF-«B activation in the lung, cytokine
production, and generation of lung inflamma-
tion. The activation state of NF-«B in BAL cells
may reflect the concurrent capacity of these
cells to produce a variety of inflammatory me-
diators, and could be a useful surrogate marker
for in vivo cytokine production and inflamma-
tion in the lung and other organs.

We observed substantial variations of uri-
nary excretion in F2-isoprostanes in patients
undergoing chemotherapy, BMT, and engraft-
ment. However, 6 of 7 patients had an increase
in isoprostane excretion sometime during
chemotherapy, BMT, or engraftment. At the
time of the second bronchoscopy, some pa-
tients had a sustained increase in isoprostane
excretion whereas in other patients it had re-
turned to or below the baseline. Whether the
levels of these compounds were increased or
decreased at the time when alveolar macro-
phages were harvested, a close relationship
with NF-«B activation remained. The iso-
prostanes are formed in situ on membrane
phospholipids and do not require the presence
of active cyclooxygenase, lipoxygenase, or p450
enzymes (Morrow et al., 1992). Rather, their for-
mation occurs via peroxidation of esterified
arachidonic acid by a free radical-catalyzed
process and results in the generation of four re-
gioisomeric cyclic endoperoxide compounds
resembling the unstable precursor prosta-
glandin G, (Morrow et al., 1990). These com-
pounds are subsequently reduced to generate
isoprostanes. Although in these studies we
have used the levels of these compounds as
markers of in vivo oxidant stress, they are also
potentially biologically active as spasmogens
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for both vascular and airway smooth muscle
(Kang et al., 1993). Recent reports have de-
scribed formation of not only D- and E-ring
isoprostanes, but also isothromboxanes and
isoleukotrienes (Morrow and Roberts 11, 1996),
which could be mediators of the clinical re-
sponse to chemotherapy and BMT.

The current report was not designed, and is
clearly underpowered, to examine the rela-
tionship between the biochemical parameters
studied and either mortality or transplant-re-
lated complications. However, our information
provides the first link in humans between the
biochemical sequelae of lipid peroxidation and
activation of NF-«B in the lung. Our data sup-
port the concept that cellular activation in the
airspace is a multistep process in which alter-
ations in the level of ROS affect cell mem-
branes, downstream signaling events, gene
transcription, and ultimately release of biolog-
ically active compounds that modulate inflam-
mation and structural change. Such informa-
tion may provide the theoretical foundation for
the trial of antioxidants as prophylaxis against
post-BMT complications.
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ARDS, Acute respiratory distress syndrome;
BAL, bronchoalveolar lavage; BMT, bone mar-
row transplantation; BSTFA, Dbis(trimethyl-
silyl)triﬂuoroacetamide; cAMP, cyclic adeno-
sine monophosphate; Cr, creatinine; CREB,
cyclic adenosine monophosphate response ele-
ment binding; DMF, dimethylformamide;
DMSO, dimethylsulfoxide; DTT, dithiothreitol;
EMSA, electrophoretic mobility shift assay;
GC/MS, gas chromatography/mass spectrom-
etry; HyO,, hydrogen peroxide; IL-1, inter-
leukin-1; IPS, idiopathic pneumonia syndrome;
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NAC, N-acetylcysteine; NF-«B, Nuclear factor
kappa B; PAGE, polyacrylamide gel elec-
trophoresis; ROS, reactive oxygen species;
RPMI, Roswell Park Memorial Institute; SICP,
selected ion current profile; SOD, superoxide
dismutase; TLC, thin-layer chromatography;
TNF, tumor necrosis factor; 8-is0-PGF2a, 8-iso-
prostaglandin PGF2a.
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