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Lung Epithelial Cells Undergo Apoptosis in
Neonatal Respiratory Distress Syndrome
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ABSTRACT

For studying the presence of programmed cell death in the
lungs of infants with fatal respiratory distress syndrome (RDS)
and the possible contribution of postnatal glucocorticoid admin-
istration on this cell destruction, lung tissue samples from autop-
sies of 16 premature infants with fatal RDS were studied. The
infants had neither been exposed to antenatal steroids nor re-
ceived surfactant therapy, but seven of these infants had been
subjected to postnatal dexamethasone treatment. Lung autopsy
samples of seven term and two preterm neonates without any
obvious lung disease served as controls. Lungs were studied
histologically, and apoptotic cell death was identified using DNA
nick end-labeling assay and caspase-related M30 antibody stain-
ing (CytoDeath). Lung tissue from the RDS infants showed
elevated leukocyte infiltration, histologic injury score, and num-
ber of apoptotic cells, located mainly in the respiratory epithe-

Respiratory distress syndrome (RDS) is a severe pulmonary
disease with high mortality and morbidity in premature infants.
The pathogenesis of this lung disorder is associated with lung
immaturity and insufficient surfactant biosynthesis. However,
lung inflammation has also been suggested to contribute to
respiratory failure in infants with RDS (1, 2). Therapy for RDS
with mechanical ventilation and hyperoxia might worsen the
lung injury and contribute to respiratory failure in patients with
RDS by activating proinflammatory cells and directly injuring
the alveolar epithelium or endothelium. Pharmacologic therapy
with glucocorticoids and surfactant have reduced but not elim-
inated morbidity and mortality from RDS (1-5).

Apoptosis, a noninflammatory programmed cell death, has
recently been observed in tissue injuries of various organs,
including the lungs (6-9). Although generally regarded as a
cell clearance mechanism promoting resolution of inflamma-
tion (10), apoptosis triggered by diverse extrinsic or intrinsic
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lium, when compared with controls. In contrast, lungs from
infants who had RDS and received dexamethasone demonstrated
markedly reduced tissue leukocyte accumulation and injury score
and lower rates of epithelial apoptosis than the lungs of infants
who had RDS and did not receive dexamethasone. These results
suggest that significant epithelial apoptosis is present in the lungs
of newborn infants with fatal RDS and that this apoptosis may be
attenuated by steroid administration. (Pediatr Res 53: 254-259,
2003)

Abbreviations
RDS, respiratory distress syndrome
TUNEL, terminal deoxynucleotidyl transferase-mediated nick
end-labeling

signals, such as oxidative stress, endotoxin, or bleomycin, may
contribute to the pathophysiology of the acute injury in adult
lungs (6, 9, 11, 12). Experimental studies in our laboratory
have recently described significant epithelial apoptosis in
meconium-contaminated neonatal lungs (13), but the occur-
rence of pulmonary apoptosis in human neonatal RDS is still
unexplored. We thus decided to investigate the presence of
apoptotic cell death in lung tissue of infants with fatal RDS
using the terminal transferase mediated DNA nick end-labeling
assay (TUNEL) and the caspase-related M30 antibody-staining
(CytoDeath, Boehringer Mannheim, Mannheim, Germany).

METHODS

Patients. The patient register of the neonatal intensive care
unit of the Department of Pediatrics, University of Turku, from
a 10-year period (1986—-1996) was reviewed for deaths caused
by severe RDS without any clinical evidence of infection.
Because postnatal dexamethasone and surfactant therapy have
been standard treatment procedures for RDS infants in the local
neonatal intensive care unit since 1992, lung tissue samples
were selected from autopsy material obtained between the
years 1986 and 1991. From this material, tissue samples of
consecutive infants with severe RDS and no ante- or postnatal
steroid or surfactant treatment (n = 9) were collected for
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analysis (Table 1). From the same time period, lung tissue
samples of another group of consecutive infants with fatal RDS
but with a postnatal course of i.v. dexamethasone (n = 7) were
similarly analyzed. Five lung autopsy samples from infants
with no evidence of lung disease or steroid therapy served as
controls (Table 1). All infants were mechanically ventilated,
except one control infant (patient 18). The severity of RDS was
assessed by a scoring system (0 = no, 1 = mild, 2 = moderate,
and 3 = severe RDS) based on five clinical items (Table 1)
(14). Time from death to autopsy could not be defined exactly
in every instance but varied between | and 3 d. Samples with
obvious cytolysis were excluded. The study was approved by
the local Ethics Committee, and informed consent was ob-
tained from the parents.

Histologic examination. Pulmonary tissue samples from the
autopsies, fixed in 10% buffered formalin, embedded in paraf-
fin, and stained with hematoxylin and eosin, were studied to
determine the severity of the lung injury. Samples were as-
sessed by a pathologist blinded to the grouping of the infants.
A score from 0 to 4 represented the percentile of affected area
of the lung section (0 = 0%; 1 = 1%-25%; 2 = 26%—-50%; 3
= 51%-75%; 4 = 76%—-100%) and was assigned for three
different characteristics: /) extension of pulmonary leukocyte
infiltration, 2) amount of intra-alveolar leukocytes, and 3)
amount of exudative debris and edema fluid. The calculated
total injury score represents the sum of these scores (15).

In situ detection of apoptotic cells. In situ detection of
apoptotic cells in paraffin-embedded 3-um-thick sections was
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performed as described earlier (8), with slight modifications.
Briefly, deparaffinized sections were treated with 10 ug/mL
proteinase K (Boehringer, Mannheim, Germany) at 37°C in 2
mM CaCl, and 20 mM Tris-HCL (pH 7.4) for 30 min. The
endogenous peroxidase activity was blocked by incubating the
slides in 0.3% hydrogen peroxide in water for 10 min at 25°C.
DNA 3'-end labeling was performed after 10 min of incubation
with terminal transferase buffer (Promega, Madison, WI,
U.S.A.). The labeling mixture contained fresh terminal trans-
ferase buffer, 5 uM nonradioactive digoxigenin-dideoxy-UTP
(dig-ddUTP; Boehringer), 45 uM ddATP (Pharmacia, Upp-
sala, Sweden), and 0.34 U/uL terminal transferase (Promega).
The reaction was allowed to continue for 1 h at 37°C in a
humidified chamber. After washing, the slides were incubated
with blocking buffer containing 2% (wt/vol) blocking reagent
and 0.05% (wt/vol) sodium azide (Boehringer) for 30 min.
Antidigoxigenin antibody, conjugated to alkaline phosphatase
(1:3000, Boehringer), in 2% (wt/vol) blocking buffer was
added and incubated for 2 h in a humidified chamber. The
slides were treated with alkaline phosphatase buffer (0.1 M
NacCl, 0.05 M MgCl, and 0.1 M Tris-HCI [pH 9.5]) for 10 min.
Thereafter, 337 wg/mL nitroblue tetrazolium salt (Boehringer)
and 175 pg/mL 5-bromo-4-chloro-3-inodyl-phosphate (Boeh-
ringer) were added in fresh alkaline phosphatase buffer, and the
reaction was terminated 3 h and 45 min later by several washes
with 1 mM EDTA and 10 mM Tris-HCI (pH 8.0). Finally, the
slides were mounted with Gurr Aquamount (BDH Chemicals,
Poole, England). For controls, terminal transferase, dig-

Table 1. Clinical characteristics of the patients

Gestational age Birth weight APGAR Disease Age at death
Patient Sex (wk) (g) 1 min/5 min (severity) Total steroid dose* (d)

RDS
1 M 25 780 8/8 RDS(3) — 1.5
2 F 28 780 7/8 RDS(2) — 1.5
3 F 27 1000 6/8 RDS(2) — 5
4 M 29 750 77 RDS(3) — 1.5
5 F 29 1550 7/6 RDS(3) — 12h
6 F 23 700 1/1 RDS(3) — 14h
7 F 27 1155 4/6 RDS(3) — 12h
8 F 24 975 1/5 RDS(3) — 2
9 M 27 680 5/7 RDS(3) — 15h
Mean (SD) 27 (3) 930 (282) 5/6

RDS/D
10 M 32 950 1/1 RDS(3) 0.6 mg 2
11 M 27 1105 0/3 RDS(3) 0.9 mg 2
12 F 26 1040 3/3 RDS(3) 0.7 mg 13h
13 M 28 1500 6/6 RDS(3) 0.7 mg 17h
14 F 24 580 3/4 RDS(3) + 1
15 M 24 650 1/6 RDS(2) + 1
16 M 29 730 1/3 RDS(3) 0.5 mg 11h
Mean (SD) 27 (3) 936 (319) 2/4

Control
17 F 37 1420 7/9 HLH — 12
18 M 39 3440 10/9 HLH — 3
19 M 35 3520 — CMP — 1
20 M 38 5010 0/1 HC — 1
21 F 33 3480 1/4 CMP — 1
Mean (SD) 36(2) 3374 (1278) 5/4

HLH, hypoplastic left heart; CMP, cardiomyopathy; HC, hydrocephalus; RDS/D, RDS with postnatal dexamethasone therapy.

* Total dose of dexamethasone received during lifetime.
T Exact dose not obtained.
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ddUTP, or antidigoxigenin antibody was omitted from reac-
tion. Staining of lymphocytes undergoing apoptosis in the
lymph nodes served as a positive control.

Apoptotic cells were counted in lung sections stained with
the antidigoxigenin antibody. A distinct color reaction within
the cells was regarded to represent apoptotic DNA fragmenta-
tion. The results are expressed as the number of positive cells
per mm? of tissue section area in at least 10 fields of view of
a 10X objective lens. The in situ detection of free DNA 3' ends
is a well-established method in the detection of apoptotic
cellular changes and has been validated by simultaneous elec-
trophoretic DNA analysis in pancreatic tissue (8).

Identification of apoptosis in the epithelial cells. For iden-
tifying the occurrence of apoptosis in the pulmonary epithe-
lium, thin (3 wm) successive sections of paraffin-embedded
lung tissue samples were studied. The first section was pre-
treated with pepsin and stained with a monoclonal mouse
antibody MNF-116 (Dakopatts, Glostrup, Denmark), which
recognizes type II epithelial cells (16, 17). The sections were
blocked with Tris-buffered saline (TBS) containing 1 mg/mL
BSA (TBS/BSA) for 30 min and incubated with the antibody,
diluted 1:10 in TBS, for 30 min. After incubation, the sections
were washed three times with TBS and stained with the
secondary antibody. The consecutive section was stained by
the TUNEL-method for the detection of the DNA-fragmenta-
tion, as described earlier. Apoptosis was identified in the
epithelium by comparing the staining in both sections.

For further confirming apoptotic changes in the respiratory
epithelium, separate sections of the lungs were stained with a
caspase-related monoclonal antibody M30 (CytoDeath). For-
malin-fixed, paraffin-embedded sections were prepared and
processed according to the protocol described earlier (18).
Briefly, deparaffinized sections were pretreated by microwave
irradiation at 350 W for 5 min in citrate buffer (0.01 M citrate
buffer at pH 6.0). Sections were incubated with M30 antibody
at | pg IgG/mL overnight at room temperature. Sections were
incubated with biotinylated rabbit anti-mouse Ig (DAKO A/S,
Glostrup, Denmark) followed by streptavidin-HRP (Roche
Molecular Biochemicals). Sections were visualized with dia-
minobenzidine and counterstained with hematoxylin. M30 is a
new antibody that detects caspase-cleaved cytokeratin 18, and
it has been regarded to be specific for apoptotic epithelial cells
(18). For quantitative analysis, the number of M30-positive
cells was counted in at least 10 fields of view of a 10X
objective lens.

Statistical analysis. The results are expressed as means
(SD). One-way ANOVA was used to compare the number of
apoptotic cells or lung injury scores in lung tissue between the
groups. When the overall ANOVA was significant, comparison
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between the groups was made using Newman-Keuls post hoc
test. Pearson analysis was used to evaluate further the corre-
lation between apoptosis and lung injury parameters or gesta-
tional age. A level of p < 0.05 was considered statistically
significant.

RESULTS

The clinical data of the study infants are shown in Table 1.
The gestational age, birth weight, and Apgar scores of the RDS
infants with or without dexamethasone treatment were similar,
whereas the control infants were more mature and had higher
birth weight.

Histologic analysis of the RDS lungs showed significantly
higher level of leukocyte infiltration, alveolar exudate, and
total injury score compared with controls (Table 2). In contrast,
leukocyte infiltration and total injury score in the dexametha-
sone-exposed RDS lungs were significantly lower than in the
nonexposed lungs, but the amount of alveolar exudate was
similar (Table 2).

In the autopsy lung samples, apoptosis was detected mainly
(>90%) in the epithelial cells, confirmed with TUNEL, MNF-
116, and M30 stainings (Figs. 1 and 2). The number of
apoptotic epithelial cells was significantly (p < 0.01) higher in
the lungs of infants with RDS, when compared with controls
(Figs. 3 and 4). In contrast, lung samples of infants with RDS
and dexamethasone treatment showed a significantly (p <
0.01) lower number of TUNEL-positive cells than those of the
nontreated infants with RDS, being similar to the finding in the
control group (Figs. 3 and 4). Because the control infants in our
study were more mature than the infants with RDS, we also
studied the lungs of two preterm infants without RDS for
pulmonary tissue apoptosis. The first infant was born at 24 wk
of gestation and died of immaturity at 5 h of age, and the
second infant was born at 26 wk of gestation and died of
intraventricular hemorrhage at 2 d of age. Neither of these
infants had significant respiratory disorder, and they had not
received steroid or surfactant therapy. The lungs of both infants
showed an apoptotic rate that was in the range of the mature
controls (32 and 8 apoptotic cells/mm? versus 163 *+ 9.7
apoptotic cells/mm? in the term controls). The apoptotic inci-
dence did not correlate with the gestational age, age at death,
birth weight, leukocyte infiltration, alveolar exudate, or total
injury score in any of the study groups.

DISCUSSION

A characteristic feature of the acute lung injury in adults and
neonates is widespread destruction of the alveolar epithelium
leading to pulmonary edema formation and gas exchange

Table 2. Histological analysis of the autopsy lung tissue samples

Group n Leukocyte infiltration Intra-alveolar leukocytes Alveolar exudate Total injury score
RDS 9 2.9 (0.4)* 2.4(0.5) 3.9 (0.4)T 9.1 (3.0)*
RDS/D 7 2.0 (0.0) 1.6 (0.6) 3.2 (0.8)F 6.8 (0.9)
Control 5 1.4 (1.1) 1.4 (1.1) 1.6 (0.9) 443.1)

A score from 0 to 4 was assigned for each parameter as described in Methods. Total injury score represent the sum of all these scores. Mean (SD).

* P < 0.05 vs. RDS/D and control.
TP < 0.05 vs. control.
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Figure 1. Apoptotic epithelial cells in the lungs of infant with RDS. Dark staining represents DNA fragmentation in TUNEL-stained lung section (Al and A2).
Consecutive section of the same lung stained with a specific epithelial marker MNF-116 (B1 and B2). Apoptosis was identified in the epithelium by comparing
the staining in both sections. Magnification: Al and B1, X260; A2 and B2, X780.
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Figure 2. Lung tissue section of infant with RDS. Brown staining represents
carly apoptotic changes in lung epithelial cells stained with M30 antibody, an
indicator of caspase activation. Magnification: X780.

abnormalities with impairment of the clinical outcome (19, 20).
Although necrotic injury to the airway epithelium with a
significant inflammatory component is widely recognized in
neonatal distressed lungs, especially when not treated with
surfactant (19), anti-inflammatory treatment strategies have
been unsuccessful (1, 4, 5). Recent experimental evidence,
however, suggests that epithelial apoptotic cell death could
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Figure 3. Number of apoptotic cells in lung tissue as indicated by TUNEL
staining. Control, infants with no lung injury; RDS, infants with respiratory
distress syndrome; RDS/D, infants with RDS and dexamethasone therapy.
Results are expressed as means (SD). *p < 0.01 vs control and RDS/D group.

play a role in the pathogenesis of acute injury in adult and
supposedly also in neonatal lungs (6, 7, 13, 21). Our present
data demonstrate significant epithelial apoptosis in the lungs of
newborn infants with fatal RDS. This programmed cell death
may potentiate the detrimental effects of the inflammatory
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Figure 4. TUNEL-positive cells in lung tissue. (4) Control. (B) Infant with
respiratory distress syndrome (RDS). (C) Infant with RDS and dexamethasone
therapy. Dark staining represents DNA fragmentation. Magnification: X260.

necrotic injury and surfactant insufficiency on immature pul-
monary function and is thus proposed to be involved in the
pathogenesis of neonatal RDS.

The mechanisms of the pulmonary apoptosis remain unclear,
although previous experimental data have indicated oxidative
stress, endotoxin, and cytokines as mediators of apoptosis in
acute lung injury (6, 9, 22, 23). The inflammatory response
with cytokine surge in the lungs and therapeutic use of high
inspiratory concentrations of oxygen and mechanical ventila-
tion thus may predispose the lungs of the distressed infants to
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epithelial apoptosis. In addition, physiologic fetal development
and birth itself may be associated with increased pulmonary
apoptosis (24, 25), and postmortal changes in lung tissue
samples may interfere, but these likely do not explain our
present findings, especially because postnatal dexamethasone
treatment was associated with diminished apoptosis in the
severely distressed lungs. Furthermore, because of the different
gestational ages of the infants with RDS and the controls in our
study, we cannot totally exclude some gestation-related effects
on apoptosis, but the low number of apoptotic cells in the two
premature control lungs renders it unlikely. Earlier human and
experimental data similarly indicate no correlation between the
amount of pulmonary apoptosis and gestational age (24, 25).

Glucocorticoids have powerful cell membrane-stabilizing,
anti-inflammatory, and maturational effects on the lungs (22,
26). Accordingly, antenatal and early postnatal administration
of steroids may diminish airway inflammatory reaction and
edema formation in preterm infants with RDS (1, 4). This
pulmonary effect of steroids was also apparent in our study.
There is also evidence indicating an increase in the lung
surfactant protein synthesis in preterm infants with RDS after
early postnatal dexamethasone treatment (27, 28). Further-
more, corroborating our recent experimental findings in meco-
nium-contaminated neonatal lungs (29), the present study in-
dicates that early dexamethasone therapy is associated with
prevention of the lung epithelial apoptosis in RDS. The inhi-
bition of apoptotic cell death in the respiratory epithelium may
contribute to diminished pulmonary damage and may possibly
also improve pneumocyte surfactant production in the imma-
ture distressed lungs. Although the apoptosis-inhibiting mech-
anisms of dexamethasone still remain unclear and its multiple
effects on the neonatal lung cannot be evaluated from the
present data, previous in vitro studies with cultured lung
epithelial cells suggest a steroid-related blockage of caspases
(22). On the basis of our observations, inhibition of lung
epithelial apoptosis thus could be considered as one of the
potent effects by which steroids modulate the pulmonary func-
tion and the clinical course of RDS in premature infants.

In conclusion, our results demonstrate significant epithelial
apoptosis in lung tissue from newborn infants with RDS and
suggest that postnatal dexamethasone treatment may attenuate
apoptotic death in the lung epithelium. These data suggest that
alveolar epithelial apoptosis may be important in the patho-
genesis of RDS.
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