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Abstract

Inflammation is a major contributor to the pathogenesis of bronchopulmonary dysplasia (BPD). 

BPD is associated with prematurity of birth, sepsis, with increased production of both cytokines 

and nitric oxide, and with the shedding of bronchial epithelial cells. The pathological mechanisms 

involved in this disease remain unclear, in particular the role that epithelial maturity plays. The 

effects of pro-inflammatory cytokines upon immature and mature cells are examined within this 

study, using primary culture of human lung epithelial cells. Pro-inflammatory cytokines increase 

inducible nitric oxide synthase (iNOS) expression and raise NO production, irrespective of cellular 

maturity. Pre-incubation with 1400W, a specific iNOS inhibitor, abrogated pro-inflammatory 

cytokine-induced NO generation and apoptosis. However, immature fetal lung epithelial cells 

were uniquely sensitive to cellular injury in response to cytokine exposure. These observations 

suggest that pro-inflammatory cytokines, which are present within BPD, may cause apoptosis of 

lung epithelial cells via de novo generation of NO. Furthermore, the prematurity of lung epithelial 

cells may be a factor in free radical mediated pulmonary damage.
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INTRODUCTION

Bronchopulmonary dysplasia (BPD), which occurs in the lungs of premature infants, is 

defined as a requirement for supplemental oxygen at 36 weeks postmenstrual age [1]. This 
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pathophysiology appears to be caused by a combination of factors including inflammatory 

injury, mechanical ventilation, oxygen therapy and lung prematurity. When first described 

by Northway in 1967, premature infants who developed the disease were more mature 

(31-34 weeks gestation) than those seen today [2]. Because of advances in mechanical 

ventilation, surfactant replacement therapy and improved neonatal intensive care, the 

incidence of BPD in infants older than 30 weeks gestation has decreased. However, in more 

premature infants (gestational age less than 28 weeks) and those of a very low birth weight 

(less than 1,500g) BPD continues to be problematic [3-5]. Infants described by Northway 

typically had a history of severe hyaline membrane disease, whereas today, the disease 

appears to be manifested primarily by arrested alveolar development [6]. While treatment 

induced oxygen injury and volutrauma continue to play a role in BPD, extreme lung 

immaturity, inflammation and multiple other factors have also been implicated in animal 

studies [7]. Nitric Oxide, which is produced endogenously by the three isoforms of the 

enzyme nitric oxide synthase (NOS) (neuronal, inducible and endothelial), plays an 

important role within the functioning airway epithelium [8-10]. As well as being critical to 

normal lung physiology, NO is also recognized to play a key role in several inflammatory 

airway diseases, including BPD. Specifically it has been shown that hyperoxia, a causative 

factor in BPD, results in a loss of NO-mediated airway relaxation. In a fetal baboon model 

of BPD, a decreased level of two of the three NOS isoforms (neuronal and endothelial) and a 

parallel down regulation of NO production was found to be characteristic in the early 

postnatal period of the disease [11].

In the lung, epithelial cells play a critical role in host defense, as they form the first line of 

interaction with the external environment. Due to the specialized nature of the epithelial 

cells involved in forming this protective barrier, their maturation is critical to organ systems 

such as the lung and the intestine. Incomplete maturation of the epithelial lining may provide 

a key to the origin of many prematurity-associated diseases, such as BPD. Cytokines, and 

their induction through inflammation and/or infection, are a critical factor in epithelial 

injury, especially in neonatal disease [12]. Pulmonary inflammation is often associated with 

increased expression of iNOS. First identified in macrophages [13], iNOS is expressed by 

many different cell types [14]. Excessive NO via iNOS is associated with a number of 

inflammatory diseases and previously we have shown that increased iNOS expression and 

NO-mediated modification is associated with BPD [15].

This study is based on the hypothesis that the maturity of pulmonary epithelial cells is a 

critical factor in determining the inflammatory response induced by cytokines. In order to 

test this hypothesis, we have utilized a unique in vitro primary cell culture system. In this 

system, human fetal lung alveolar epithelial cells are used to generate a maturity-based 

model. Culturing the cells in serum-free Waymouth’s medium allows them to retain the 

undifferentiated epithelial phenotype, typically found in the developing neonate. Addition of 

dexamethasone, cAMP and isobutylmethylxanthine (DCI), to the medium induces the cells 

to take on a functionally mature type II cell phenotype, as revealed by changes in gene 

expression and cellular function [16]. This model provides a unique opportunity to study 

mature type II epithelial cells (mature fetal lung epithelial cell, mFLEC) in comparison to 

the undifferentiated immature epithelial cells found in the developing human neonate 
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(immature fetal lung epithelial cell, iFLEC). Within this study we have examined the 

response of these two cell types to pro-inflammatory cytokine exposure.

MATERIALS AND METHODS

Cell Culture

Human fetal lung was obtained from second trimester therapeutic abortions (13-20 week 

gestation) under protocols approved by the Committee for Human Research, Children’s 

Hospital of Philadelphia. The fetal lung parenchyma was dissected free of large airways, 

chopped into 1mm3 explants, and cells isolated by enzymatic digestion as described [16]. 

These cells, once isolated and purified, were cultured for 5 days on 35-mm dishes in serum-

free Waymouth’s medium alone (immature fetal lung epithelial cell, iFLEC) or containing a 

mixture of Dexamethasone (10 nM), cAMP (0.1mM), and isobutylmethylxanthine (0.1 mM) 

(mature fetal lung epithelial cell, mFLEC) as described previously [16]. Cells were 

maintained in a sterile incubator at 37°C and 5% CO2 throughout the experiments. Pro-

inflammatory cytokine exposure was achieved by exposing both cell types to the cytokines 

IFN-γ (2,500U/ml) and IL-1β (10,000U/ml) and examining responses over time.

Cell Death Determination

YoPro-1 (Molecular Probes, Carlsbad, CA), 0.5 μM, was added to the medium during 

cytokine exposure. Rhodamine 123 (Molecular Probes), 10 µM, was added prior to cytokine 

exposure. Cells were examined utilizing an inverted fluorescence microscope (Nikon, 

Melville, NY) and a Metamorph imaging software (Universal Imaging Corp., PA). Live and 

dead cells were counted in 3 fields per dish.

Preparation of Cell Lysate

Cells were harvested on ice. The media was removed and stored at -80°C, and the cells were 

washed 3x in cold PBS. 100 μl of lysis buffer (Hepes 20 mM, NaCl 150 mM, Glycerol 10%, 

Triton X-100 1%, EGTA 1mM, MgCl2 1.5mM, pH 7.4) containing protease inhibitors 

(PMSF 1mM, NaPyrophosphate 10mM, NaF 50 mM, Na Orthovanadate 2mM, Lactacystin 

1μM, AEBSF 1mM, EDTA 0.5mM, Bestatin 65 μM, E-64 0.7 µM, Leupeptin 0.5μM, and 

Aprotinin 0.15 µM) was added and the cells were scraped. Cell lysate solution was sonicated 

at 5 Watts for 10 seconds and stored at -80°C.

Western Blot Analysis

40 μg of cell lysate protein (as determined by Bradford assay) was electrophoresed on a 

4-12% 1D SDS-PAGE Gel (Invitrogen, Carlsbad, CA). Samples were transferred to a PVDF 

membrane at 20 volts overnight using a tris/glycine/20% methanol transfer buffer. Blots 

were examined as described previously [17] using a mouse monoclonal iNOS primary 

antibody at 1:500 dilution (Becton-Dickinson, Franklin Lakes, NJ) and goat anti-mouse IgG 

(H+L)-HRP conjugate secondary antibody at 1:5000 dilution (Bio-Rad, Hercules, CA). 

Blots were visualized by ECL detection kit as per manufacturer’s instructions (Amersham, 

Piscataway, NJ).
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Nitrate and Nitrite Analysis

A Nitrate/Nitrite Colorimetric Assay Kit (Cayman Chemical, Ann Arbor, MI) was utilized 

for analysis of total nitrogen oxides in the cell culture media. Media were analyzed as per 

manufacturer’s instructions using a two-step method involving nitrate reduction and nitrite 

detection via a modified Griess assay.

Caspase-3 Activity

Caspase-3 activity within cell lysates was measured using a Fluorometric Assay Kit (Sigma, 

St. Louis, MO), without the addition of cysteine protease inhibitors in the lysis buffer 

solution. Activity is assessed by release of 7-amino-4-methycoumarin from the substrate Ac-

DEVD-AMC. Fluorescence was measured using 360 and 460 nm as the respective 

excitation and emission wavelengths. Results are presented as caspase-3 activity/μg of 

protein.

Electron Microscopy

Cells were processed and analyzed, after fixing in 2.5% glutaraldehyde and 2% 

paraformaldehyde in 0.1M Sodium Cacodylate overnight at 4°C. The resulting cell pellet 

was rinsed in 0.1M Sodium Cacodylate then postfixed with 2% osmium tetroxide, 

dehydrated in graded ethanol, and embedded in Epon. Sections (70 nm) were examined with 

the JEOL JEM 1010 electron microscope after uranyl acetate and bismuth subnitrite 

staining. Images were captured using a Hamamatsu ccd camera and AMT 12-HR software.

Statistical Analysis

Data with multiple groups were analyzed by ANOVA based on the number of dependent 

variables using SigmaStat software. Pairwise analysis using a Tukey test or one-sided t-test 

was performed in the setting of a significant ANOVA, using p<0.05 as a significant result. 

Values are presented as mean ± standard deviation.

RESULTS

Pro-Inflammatory Cytokines Induce Apoptosis of Human Fetal Lung Epithelial Cells

After incubation with or without cytokines for 24 h, electron microscopic examination of 

immature and mature human fetal lung epithelial cells is shown in Fig. (1A). The formation 

of large multivesicular organelles, termed lamellar bodies, is a striking characteristic of 

mature Type II pneumocytes. At baseline, mFLEC can be seen to contain mature lamellar 

bodies that are less apparent in iFLEC. These observations confirm DCI treatment as an 

effective methodology for eliciting cellular maturation, prior to cytokine stimulation. With 

cytokine exposure, various degrees of nuclear and cytoplasmic condensation are observed in 

both mFLEC and iFLEC. These condensations are consistent with cytokine-mediated 

induction of apoptosis in both cell types.

In order to gauge the degree of cell death induction, cells were examined over time by the 

use of Yo-Pro and R123 labeling [18]. In iFLEC, cytokine-treatment induced significant 

apoptosis at 6, 24 and 48 hours. At 6 hours, cytokine exposure resulted in 19.9 ± 7.3% cell 

death vs 8.1 ± 6.1% in controls (p<0.05). After 24 hours, cell death was 44.6 ± 13.6% in 
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cytokine exposed cells vs 14.7 ± 10.3% in controls (p<0.05). Finally, 48 hours of cytokine 

exposure produced 53.4 ± 8.6% cell death vs 22.1 ± 10.7% in the control group (p<0.05) 

(Fig. 1B).

mFLEC also exhibited a statistically significant increase in apoptosis when exposed to pro-

inflammatory cytokines but the time course of cell death differed from that observed in 

iFLEC. mFLEC showed no increase in apoptosis measured at 6 hours (6.7 ± 6.1% vs 8.1 ± 

6.4%, NS). However, at both 24 and 48 hours, there was a statistically significant increase in 

cell death (24 hours: 28.6 ± 12.3% vs 8.8 ± 3.4%, p<0.05; 48 hours: 38.1 ± 17.7% vs 11.4 ± 

8.2%, p<0.05) (Fig. 1B). As well as exhibiting a delayed cell death response mFLEC 

displayed a reduced sensitivity to cytokine-mediated apoptosis. Cell death related to 

cytokine exposure in iFLEC was significantly greater than that in mFLEC at all time points 

(6 hours: 19.9 ± 7.3% vs 6.7 ± 6.1%, p<0.05; 24 hours: 44.6 ± 13.6% vs 28.6 ± 12.3%, 

p<0.05; 48 hours: 53.4 ± 5.6% vs 38.1 ± 17.7%, p<0.05). (Fig. 1B).

Role of Cellular Maturity in Cytokine-Induced Activation of Caspase-3

Caspase-3 activation, which is an effector caspase within the apoptotic pathway, occurs 

upstream of DNA damage in the apoptotic pathway. Caspase-3 activity was significantly 

increased in iFLEC with cytokine exposure at all time points (Fig. 2). In mFLEC, caspase-3 

activity was not altered at 6 hours, but was increased at both 24 and 48 hours in cytokine-

exposed vs unexposed cells (Fig. 2). When caspase-3 activation was compared between 

cytokine-exposed iFLEC and mFLEC, a significant increase within iFLEC was observed at 

both 6 and 24 hours (6 hours: 236 ± 61.4 vs 110 ± 20.4, p<0.05; 24 hours: 261 ± 14.8 vs 153 

± 8.3, p<0.05, expressed as % of 6 hour iFLEC control [= 100] and the basal level of 

caspase 3 was 73±15 (RFU-relative fluorescence unit, mean ± SD, n=6) of iFLEC at 6h. 

This increase in caspase-3 activation in immature cells at earlier time points than mature 

human fetal lung epithelial cells is consistent with an earlier induction of the cell death 

process in immature human fetal lung epithelial cells.

Pro-Inflammatory Cytokine–Induced Apoptosis of Human Fetal Lung Epithelial Cells is NO 
Dependent

NO is produced upon activation by pro-inflammatory cytokine exposure in a wide spectrum 

of cell types, including pulmonary epithelial cells and alveolar macrophages [19], and has 

been implicated in the induction of cell death pathways. Incubation of both iFLEC and 

mFLEC with pro-inflammatory cytokines increased expression of iNOS and resulted in de 

novo generation of NO, as shown by nitrite release to the medium (Fig. 3). In order to 

determine whether nitric oxide is a factor in cytokine-induced cell death, cells were pre-

incubated with the specific iNOS inhibitor 1400W prior to 24 h of cytokine treatment. 

1400W significantly reduced cytokine-mediated increases in NO production in both iFLEC 

and mFLEC (Fig. 4A). Importantly, 1400W did not completely inhibit nitrite release from 

these cells, as there is significant expression of the nNOS isoform within pulmonary 

epithelial cells. Pre-treatment of both iFLEC and mFLEC with 1400W significantly reduced 

cytokine-mediated cell death, in accordance with iNOS-derived NO playing a significant 

role in the induction of apoptosis (Fig. 4B).
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DISCUSSION

BPD is a chronic lung disease associated with premature birth and characterized by early 

lung injury and associated with increased expression of pro-inflammatory cytokines [20]. 

Cytokines play key roles in the regulation of the immune response to inflammatory stimuli 

such as tissue injury. Although there have been numerous studies that have examined the 

role that cytokines play in regulating epithelial cells, little is known regarding the effects of 

cellular maturity upon these responses. This study utilized a unique cell culture system, 

which models both the mature and the immature pulmonary epithelium to investigate the 

responsiveness of these cells to inflammatory signaling. Herein we have demonstrated that 

in both cell types the pro-inflammatory cytokines IFN-γ and IL-1β induce apoptotic cell 

death in a manner that is in part dependent upon iNOS-derived NO. Furthermore, it appears 

that immature epithelial cells have an accentuated response implying that the maturity of the 

epithelial cell may be a critical factor in the development of inflammatory lung disease, such 

as BPD.

Previously, we have shown that primary culture of human fetal lung epithelial cells can be 

used as a maturity-based epithelial cell model [16]. Undifferentiated epithelial cells 

incubated in Waymouth’s medium alone do not produce surfactant components and thus 

retain a relatively undifferentiated state akin to the fetal epithelium. However, culture for 4 

days in a mixture of dexamethasone, cAMP and isobutylmethylxanthine results in a 

differentiated mature type II cell phenotype with normal surfactant processing [16]. Thus, 

the control epithelial cells are a reasonable model for an immature form of epithelial cell that 

would be present in a severely premature infant, while the DCI-treated cells are more akin to 

the mature surfactant-producing type II alveolar epithelial cells of a term infant.

Consistent with earlier studies of both human and rat fetal lung cells, pro-inflammatory 

cytokines induced apoptosis in both mature and immature human lung epithelial cells. Since 

the typical pathology of BPD is associated with premature birth, we hypothesized that 

cellular maturity may play a key role in pro-inflammatory cytokine-mediated apoptosis. Our 

data showed that the immature cells, iFLEC, were more sensitive to pro-inflammatory 

cytokine induced cell death than the mature cells, mFLEC. Within these cells cytokine-

mediated cell death appears to be predominantly apoptotic as indicated by electronic 

microscopy analysis and caspase-3 activation. In both iFLEC and mFLEC, functional 

expression of iNOS in response to cytokines resulted in an increase in total nitrogen oxide 

production. Elevated levels of reactive oxygen and nitrogen species (RONS) have been 

detected in patients with forms of acute lung injury (ALI) and ARDS in bronchial-alveolar 

lavage fluid and pulmonary edema fluid, correlating with severity of injury to the alveolar 

epithelium [21]. Recently, we have demonstrated alteration in NOS expression and 

production of NO metabolites in lung tissue from infants with end stage BPD [15]. It has 

also been demonstrated in rat type II cells that the addition of NO results in decreased ATP 

and surfactant synthesis [22]. That iNOS-derived NO is critical to the cell death response is 

demonstrated by the specific inhibitor 1400W, which reduces total NO production and cell 

death following cytokine-treatment (Fig. 4). Although the role of NO in cell death remains 

unclear, it is generally thought that within cytokine responsive cells, such as macrophages, 

NO production is critical to their anti-infection role and induces consequent apoptosis. It 
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would appear that within pulmonary epithelial cells this pattern is mirrored, indicating that 

these cells may play an active role in resistance to infection, rather than being a mere barrier.

Although our in vitro observations cannot be extrapolated directly to the in vivo situation, 

pro-inflammatory cytokine-induced apoptosis of fatal lung epithelial cells may have 

pathophysiological relevance. Recent studies suggest that both pro-inflammatory cytokines 

and NO are factors that affect disease severity of premature related diseases such as NEC 

and BPD. Human lung epithelial cells are responsive to inflammatory stimuli, such as 

cytokine exposure, and the relative maturity of lung epithelial cells influences the degree to 

which they respond. The sensitive nature of fetal cells to cytokines may provide insight to 

understanding the pathogenesis of inflammatory diseases in premature infants. A better 

understanding of cellular maturity based signaling events will enable design of therapeutic 

approach by a targeted strategy in order to control inflammatory diseases in premature 

infants, such as BPD.

Acknowledgments

The authors thank Ravi Savani, Trevor Fusaro and Pamela Scott for assisting in this study. This study was partially 
supported by grant from the National Institutes of Health, HL 074115 (AJG).

References

1. Jobe AH, Bancalari E. Bronchopulmonary dysplasia. Am J Respir Crit Care Med. 2001; 163(7):
1723–9. [PubMed: 11401896] 

2. Northway WH Jr, Rosan RC, Porter DY. Pulmonary disease following respirator therapy of hyaline-
membrane disease. Bronchopulmonary dysplasia. N Engl J Med. 1967; 276(7):357–68. [PubMed: 
5334613] 

3. Jobe AH. Antenatal factors and the development of bronchopulmonary dysplasia. Semin Neonatol. 
2003; 8(1):9–17. [PubMed: 12667826] 

4. Ventura SJ, Martin JA, Curtin SC, Mathews TJ. Report of final natality statistics, 1996. Mon Vital 
Stat Rep. 1998; 46(11 Suppl):1–99.

5. Parker RA, Lindstrom DP, Cotton RB. Evidence from twin study implies possible genetic 
susceptibility to bronchopulmonary dysplasia. Semin Perinatol. 1996; 20(3):206–9. [PubMed: 
8870123] 

6. Jobe AJ. The new BPD: an arrest of lung development. Pediatr Res. 1999; 46(6):641–3. [PubMed: 
10590017] 

7. Coalson JJ, Winter VT, Siler-Khodr T, Yoder BA. Neonatal chronic lung disease in extremely 
immature baboons. Am J Respir Crit Care Med. 1999; 160(4):1333–46. [PubMed: 10508826] 

8. Barnes PJ. Nitric oxide and airway disease. Ann Med. 1995; 27(3):389–93. [PubMed: 7546629] 

9. Ricciardolo FL, Sterk PJ, Gaston B, Folkerts G. Nitric oxide in health and disease of the respiratory 
system. Physiol Rev. 2004; 84(3):731–65. [PubMed: 15269335] 

10. Nijkamp FP, Folkerts G. Nitric oxide and bronchial hyperresponsiveness. Arch Int Pharmacodyn 
Ther. 1995; 329(1):81–96. [PubMed: 7639622] 

11. Afshar S, Gibson LL, Yuhanna IS, et al. Pulmonary NO synthase expression is attenuated in a fetal 
baboon model of chronic lung disease. Am J Physiol Lung Cell Mol Physiol. 2003; 284(5):L749–
58. [PubMed: 12676765] 

12. Hargitai B, Szabo V, Hajdu J, et al. Apoptosis in various organs of preterm infants: histopathologic 
study of lung, kidney, liver, and brain of ventilated infants. Pediatr Res. 2001; 50(1):110–4. 
[PubMed: 11420427] 

13. Seidelin JB, Nielsen OH. Continuous cytokine exposure of colonic epithelial cells induces DNA 
damage. Eur J Gastroenterol Hepatol. 2005; 17(3):363–9. [PubMed: 15716663] 

Posencheg et al. Page 7

Open Cell Dev Biol J. Author manuscript; available in PMC 2015 January 09.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



14. Bingham CO 3rd. The pathogenesis of rheumatoid arthritis: pivotal cytokines involved in bone 
degradation and inflammation. J Rheumatol Suppl. 2002; 65:3–9. [PubMed: 12236620] 

15. Davis CW, Gonzales LW, Ballard RA, Ballard PL, Guo C, Gow AJ. Expression of nitric oxide 
synthases and endogenous NO metabolism in bronchopulmonary dysplasia. Pediatr Pulmonol. 
2008; 43(7):703–9. [PubMed: 18500734] 

16. Gonzales LW, Guttentag SH, Wade KC, Postle AD, Ballard PL. Differentiation of human 
pulmonary type II cells in vitro by glucocorticoid plus cAMP. Am J Physiol Lung Cell Mol 
Physiol. 2002; 283(5):L940–51. [PubMed: 12376347] 

17. Gow AJ, Chen Q, Hess DT, Day BJ, Ischiropoulos H, Stamler JS. Basal and stimulated protein S-
nitrosylation in multiple cell types and tissues. J Biol Chem. 2002; 277(12):9637–40. [PubMed: 
11796706] 

18. Gow AJ, Chen Q, Gole M, Themistocleous M, Lee VM, Ischiropoulos H. Two distinct 
mechanisms of nitric oxide-mediated neuronal cell death show thiol dependency. Am J Physiol 
Cell Physiol. 2000; 278(6):C1099–107. [PubMed: 10837337] 

19. Thomassen MJ, Kavuru MS. Human alveolar macrophages and monocytes as a source and target 
for nitric oxide. Int Immunopharmacol. 2001; 1(8):1479–90. [PubMed: 11515813] 

20. Ryan RM, Ahmed Q, Lakshminrusimha S. Inflammatory mediators in the immunobiology of 
bronchopulmonary dysplasia. Clin Rev Allergy Immunol. 2008; 34(2):174–90. [PubMed: 
18330726] 

21. Haddad IY, Zhu S, Crow J, Barefield E, Gadilhe T, Matalon S. Inhibition of alveolar type II cell 
ATP and surfactant synthesis by nitric oxide. Am J Physiol. 1996; 270(6 Pt 1):L898–906. 
[PubMed: 8764213] 

22. MacMicking J, Xie QW, Nathan C. Nitric oxide and macrophage function. Annu Rev Immunol. 
1997; 15:323–50. [PubMed: 9143691] 

Posencheg et al. Page 8

Open Cell Dev Biol J. Author manuscript; available in PMC 2015 January 09.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. (1). 
Cytokines induce apoptosis of human fetal lung epithelial cells. (A) Electron Microscopy of 

immature and mature human fetal lung epithelial cells incubated with or without cytokines 

for 24 hours. The presence of abundant multi-vesicular bodies differentiates immature from 

mature human fetal lung epithelial cells. Nuclear (white arrows) and cytoplasmic (black 

arrows) condensation present in cytokine-stimulated immature and mature human fetal lung 

epithelial cells (bar=10μm). (B) Percentage of cell death in immature and mature human 

fetal lung epithelial cells upon cytokine exposure. Cytokine exposure resulted in an increase 

in cell death in immature human fetal lung epithelial cells and in mature human fetal lung 

epithelial cells at 24 and 48 hours (*p<0.05). Cytokine-exposed immature cells had a more 

rapid and increased degree of cell death compared to cytokine-exposed mature cells 

(#p<0.01).
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Fig. (2). 
Caspase 3 activity in human fetal lung epithelial cells. Caspase-3 activity measured in cell 

lysates of immature and mature human fetal lung epithelial cells following cytokine 

exposure. Values are normalized for protein concentration and expressed as a percentage of 

6 hour fetal control. Cytokine exposure resulted in an increase in caspase-3 activity in 

immature cells at all time point and in mature cells at 24 and 48 hours (*p<0.05). Cytokine-

exposed immature cells had increased caspase-3 activity compared to cytokine-exposed 

mature cells at both 6 and 24 hours (#p<0.05).
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Fig. (3). 
Cytokines induce expression of iNOS and NO production in human fetal lung epithelial 

cells. (A) Immature and mature human fetal lung epithelial cells were treated with cytokines 

as indicated. iNOS expression in the cells was determined by Western blot. (B) Total 

nitrogen oxides produced by immature and mature human fetal lung epithelial cells with 

cytokine exposure was measured in the media (*p<0.05).

Posencheg et al. Page 11

Open Cell Dev Biol J. Author manuscript; available in PMC 2015 January 09.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. (4). 
Cytokine-induced apoptosis of fetal lung epithelial cells is NO dependent. (A) The cells 

were pre-incubated with or without 1400W (25 μM) and then incubated with cytokines for 

24 h. Total nitrogen oxides were measured in the media. (B) The cells were preincubated 

with or without 1400W (25 μM) for 1 h and followed by incubation with cytokines for 24 h. 

Cell death was determined by dual fluorescence photomicroscopy utilizing Rhodamine 123 

and YoPro-1. The data shown were representative of three experiments (*P<0.05).
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