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Differential effects of insulin and dexamethasone
on pulmonary surfactant-associated genes and
proteins in A549 and H441 cells and lung tissue
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Abstract. In this study, the effects of insulin and dexametha-
sone on the expression and mRNA transcription of 4 pulmonary
surfactant-associated proteins [surfactant protein (SFTP)A,
SFTPB, SFTPC and SFTPD] were examined. The commercially
available cell lines, A549 and H441, were used as acceptable
models of lung surfactant-producing cells. Subsequently, the
effects of insulin on the expression of surfactant-associated
proteins were examined in patients with lung adenocarcinoma
during lung resection. Our results demonstrated the inhibitory
effects of insulin on the transcription of the SFTPB, SFTPC
and SFTPD genes in H441 cells and the SFTPB gene in A549
cells. Treatment with insulin significantly decreased the protein
expression of SFTPA1 and SFTPA2 in the H441 cells and that
of proSFTPB in the A549 cells. Dexamethasone promoted
the transcription of the SFTPB, SFTPC and SFTPD genes in
the A549 and H441 cells and reduced the transcription of the
SFTPA1 and SFTPA2 genes in the H441 cells (SFTPA mRNA
expression was not detected in A549 cells). Furthermore, we
demonstrated that the mRNA levels of the selected genes
were significantly lower in the cell lines compared to the lung
tissue. A549 and H441 cells represent similar cell types. Yet,
in our experiments, these cells reacted differently to insulin
and/or dexamethasone treatment, and the mRNA levels of
their main protein products, surfactant-associated proteins,
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were significantly lower than those in real tissue. Therefore,
the results obtained in this study challenge the suitability of
A549 and H441 cells as models of type II pneumocytes and
Clara cells, respectively. However, we successfully demonstrate
the possibility of studying the effects of insulin on pulmonary
surfactant-associated genes and proteins in patients with lung
adenocarcinoma.

Introduction

From the treatment of diabetes to experimental therapy in
critically ill patients, insulin is a widely used drug affecting
a number of metabolic pathways in human tissue (1-5). In
the present study, we characterized the effects of insulin on
pulmonary surfactant-associated genes and proteins (SFTPs).
The expression levels of 5 genes (SFTPAI1, SFTPA2, SFTPB,
SFTPC and SFTPD) and their 4 protein products (SFTPA,
SFTPB, SFTPC and SFTPD) were examined in 2 cell lines,
A549 and H441. Subsequently, we determined the feasibility
of performing these measurements in patients with lung
adenocarcinoma.

The A549 and H441 cell lines are commonly used as
models of lung surfactant-producing cells. A549 is a human
lung adenocarcinoma cell line which was established in 1972.
A549 cells have been used as a model of type II pneumo-
cytes, demonstrating typical morphology and ultra-structural
features, such as lamellar bodies that produce lung surfactant.
AS549 cells are also a pulmonary epithelial cell model for
drug metabolism (6). The phospholipids produced, which are
major components of surfactant, are similar to those gener-
ated by type II pneumocytes (7). A549 cells typically grow in
confluent monolayers.

H441 is a human lung adenocarcinoma epithelial cell
line used as a model of Clara cells. Clara cells are similar
to type II pneumocytes but are located in the bronchi, where
they also produce lung surfactant (8). H441 cells signal and
respond to mitogenic growth factors in a manner similar to
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type II pneumocytes (9). These cell lines have previously been
used in research studies to assess the link between insulin and
SFTPs (10,11).

Lung surfactant is a mixture of phospholipids and proteins
that reduces surface tension. Without lung surfactant, the
alveoli would collapse due to rapid changes in air pressure.
Lung surfactant also controls innate immunity. Surfactant
contains 4 proteins that are crucial for its function. SFTPA
(SFTPA1 and SFTPA2) and SFTPD are large, hydrophilic
proteins that mediate host immunity and are both members of
the collectin family (12). The SFTPA monomers vary between
26 and 35 kDa in size, and the SFTPD monomer is 43 kDa
in size (13). SFTPA and SFTPD multimers bind to bacterial
and fungal cells to suppress growth, stimulate cell lysis and
promote phagocytosis (14-16). Both proteins also bind to IgE
and lower allergic hypersensitivity (17). SFTPA and SFTPD
are also involved in the removal of apoptotic cells (18), and both
proteins inhibit the proliferation of T cells (19,20). SFTPB and
SFTPC are small, hydrophobic proteins. SFTPB is a 17-kDa
homodimer, with a biophysical function. SFTPB facilitates
surfactant adsorption on the surface of the alveoli, and surfac-
tant film would not be functional without SFTPB (21-23).
In infants, the lack of SFTPB is associated with SFTPC
deficiency and leads to fatal respiratory failure (24). SFTPC
is the smallest (4 kDa) and most abundant (65%) surfactant-
associated protein. SFTPC is an integral membrane protein
with recent evolutionary derivation. SFTPC has been identi-
fied only in the lung tissue of mammals (22,25). The proper
formation of mature SFTPC from its pro-protein depends
on the presence of functional SFTPB (26,27). SFTPC binds
bacterial lipopolysaccharide to suppress inflammation (13).
SFTPC (and SFTPA) also stimulates cells to reabsorb surfac-
tant phospholipids.

The mechanisms underlying the regulation of SFTPs
remain elusive; however, regulation at the transcriptional
level has been demonstrated. Thyroid transcription factor 1
(TTF-1/Nkx2.1) increases the transcription of SFTPs through
interactions with their promoters (28). TTF-1 and hepatocyte
nuclear factor (HNF)-3 have been implicated in the induc-
tion of SFTP expression (29,30). Furthermore, glucocorticoid
and thyroid hormones have been shown to promote surfactant
synthesis and protein production through increased cAMP
levels (28,31,32). Nitric oxide can inhibit the transcription
of SFTPB (33). Little is known about the regulation of SFTP
translation in vivo. Glucocorticoids can affect the stability of
SFTP mRNA (28), and SFTPA translation can be affected
through specific miRNAs (34).

In this study, we attempted to characterize SFTPs in the
A549 and H441 cell lines and lung tissue. We examined the
combined effect of corticosteroids (dexamethasone was added
to stimulate gene expression) and insulin treatment on SFTP
expression. Furthermore, we demonstrate the effects of insulin
on SFTPs in patients with lung adenocarcinoma undergoing
lung resection. The sufficient production of lung surfactant is
important in these patients since it directly affects breathing,
which is seriously impaired following lung resection. The
results obtained in this study contribute to a better under-
standing of surfactant biology and reveal the limitations of the
use of the A549 and H441 cell lines, as it is crucial to know the
constraints before selecting a proper in vitro model.
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Materials and methods

Cell lines. The A549 and H441 cells were obtained from the
American Type Culture Collection (ATCC; Rockville, MD,
USA). The cells were cultivated in medium (A549, DMEM;
H441, RPMI-1640) enriched with 10% fetal calf serum (FCS),
50 U/ml penicillin G, and 50 pg/ml streptomycin sulfate at
37°C in a humidified atmosphere with 5% CO,. The cells were
grown to 85% (A549) or 70% (H441) confluence, washed once
with 1X PBS, and placed in serum-free medium for 24 h prior
to the experiment. Insulin (Humulin; Eli Lilly, Prague, Czech
Republic) diluted in water was added to the cultures.

To determine the optimal dosage of insulin, we considered
published experiments (10,11,35) and performed optimization
experiments, examining serial dilutions of insulin from 2,500
to 0.25 ng/ml. Only the 2 highest concentrations of insulin
exhibited a reproducible impact on SFTP transcription. Thus,
we used an insulin concentration of 2,500 ng/ml in the medium
in the subsequent experiments.

We also optimized the duration of the insulin treatment
(1,3,6,9, 12, 24 and 48 h), using 2,500 ng/ml insulin in the
medium. The results following exposure to insulin for periods
shorter than 24 h varied greatly, and we did not consider
these results as reliable. Thus, we used a 48-h exposure in the
subsequent experiments, as the effect of insulin was generally
stronger after 48 h than after 24 h.

Surprisingly, the mRNA levels of some SFTPs were
generally low in the cultured cells. Therefore, we added
dexamethasone (corticosteroid) to stimulate mRNA expres-
sion. Corticosteroids are typically used to stimulate fetal lung
maturation in cases of premature labor. Based on previous
studies, we used the recommended concentration of 107 M
dexamethasone (Sigma-Aldrich, St. Louis, MO, USA) in the
media (36,37). Dexamethasone was diluted in ethanol.

Lung tissue samples. Samples were obtained from 10 patients
undergoing lung resection. Written informed consent for the
scientific use of biological material was obtained from all
patients in accordance with the requirements of the institutional
ethics committee. Patient cohorts were divided into 2 groups
with and without insulin administration. Insulin was admin-
istered to maintain glycemia levels between 6.0-8.0 mmol/l
during surgery. The glycemia level was assessed every hour.
The infusion of 10% glucose was administered at approximately
50 ml/h, and the glucose uptake was maintained at 1 mg/kg/
min. Surgical resection was performed under general anesthesia,
with additional epidural anesthesia or paravertebral block. The
details and insulin dosage for each patient are presented in
Table I. After removal, the lung tissue samples were immedi-
ately stored in RNAlater (Ambion, Austin, TX, USA) according
to the manufacturer's instructions until total RNA or proteins
were isolated. The samples were homogenized using a MagNA
Lyser Instrument (Roche Diagnostics, Mannheim, Germany).

RNA isolation. The cells were washed twice with ice-cold
1X PBS, harvested, and subsequently total RNA was isolated
using an RNeasy kit (Qiagen, Hilden, Germany) according to
the standard protocol. The RNA concentration was determined
spectrophotometrically (NanoDrop ND-1000; NanoDrop
Technologies, Wilmington, DE, USA).
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Table I. Details of patients with adenocarcinoma.

Age Insulin dose
Patients Gender (mean + SD) (IU, mean + SD)
Untreated M (n=2),F (n=3) 61.6£6.6 0
Treated M (n=2),F (n=3) 67.0+64 22.0+6.6

Patient details include gender, age, and the total dose of insulin received
before the healthy lung tissue surrounding the tumor was removed. M,
males; F, females.

Reverse transcription. cDNA was synthesized from 2 ug of
RNA using a Superscript II reverse transcriptase (Invitrogen,
Carlsbad, CA, USA) and oligo(dT) primers (Sigma-Aldrich),
according to the manufacturer's instructions. The RNasin
RNase Inhibitor (Promega, Mannheim, Germany) was added.

gPCR. The TagMan® Gene Expression Master Mix was
used together with TagMan® Gene Expression Assays:
SFTPA1, Hs01921510_s1; SFTPA2, Hs00359837_ml;
SFTPB, Hs00167036_m1; SFTPC, Hs00161628_m1; SFTPD,
Hs00358340_m1 (Applied Biosystems, Foster City, USA). In
each reaction, 100 ng of cDNA was used, and a human GAPDH
endogenous control (Applied Biosystems) was added. GAPDH
was selected as a reference gene, as GAPDH has shown a
stringent association with lung cells and demonstrates the least
variation out of the 7 common reference genes (38). The PCR
reaction was performed in 96-well plates (25 ul per well) on
a 7500 Real-Time PCR System (Applied Biosystems). The
following temperature settings were used: step 1 at 50°C for
2 min, step 2 at 95°C for 10 min, step 3 at 95°C for 15 sec, and
step 4 at 60°C for 1 min. Steps 3 and 4 were repeated 40 times.
The expression data obtained from the cell line samples were
calculated using the AACt method and expressed as relative
units. The data obtained from the lung tissue samples were
calculated using the ACt method.

Protein isolation. The cells were washed twice with ice-cold
1X PBS, harvested, lysed in 250 ul RIPA lysis buffer [150 mM
sodium chloride, 1.0% NP-40, 0.5% sodium deoxycholate,
0.1% SDS, 50 mM Tris (pH 8.0), Complete Protease Inhibitor
Cocktail Tablets (Roche Diagnostics), PhosSTOP Phosphatase
Inhibitor Cocktail Tablets (Roche Diagnostics)], and soni-
cated. The protein concentration was determined using the
BCA Protein assay (Pierce Biotechnology, Rockford, IL,
USA). The samples were subsequently diluted with RIPA
buffer to a final concentration of 0.95 ug/ul and mixed with
2X Laemmli buffer [0.125 M Tris (pH 6.8), 20% glycerol, 4%
SDS, 5% B-mercaptoethanol and 0.005% bromophenol blue].
The mixture was boiled at 100°C for 5 min and cooled before
loading onto the electrophoresis gel.

SDS-PAGE and western blot analysis. Each cell line sample
contained 24 pug of total protein and each lung tissue sample
contained 4 ug of total protein, which was loaded into a 12%
Precise Protein Gel for SDS-PAGE (Pierce Biotechnology). The
Amersham Full-Range Molecular Weight Marker RPNSOOE
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(GE Healthcare, Little Chalfont, UK) was used. SDS-PAGE
was performed according to the manufacturer's instructions
using the Mini-PROTEAN 3 system (Bio-Rad Laboratories,
Hercules, CA, USA). The proteins were electrophoresed in Tris-
HEPES-SDS buffer at 80 V for 70 min. The primary antibodies
were diluted in 5% BSA (PAN-Biotech, Aidenbach, Germany)
and applied overnight at 4°C. The secondary antibodies were
diluted in 1X TBS buffer containing 0.05% Tween-20 (Sigma-
Aldrich, St. Louis, MO, USA) and 5% non-fat milk. The blots
were developed using an Immun-Star WesternC kit (Bio-Rad
Laboratories) according to the manufacturer's instructions.
The images were captured using a G:Box Bio-Imaging System
(Syngene, Frederick, MD, USA).

Antibodies. The following primary antibodies were used:
mouse monoclonal [HYB 238-04] antibody to surfactant
protein A (AB51891; Abcam, Cambridge, UK; dilution
1:200); rabbit anti-human prosurfactant protein B polyclonal
antibody (AB3430; Millipore, Temecula, CA, USA; dilution
1:2,000); rabbit anti-prosurfactant protein C polyclonal anti-
body (AB3786; Millipore; 1:3,000); mouse monoclonal [12G5]
to surfactant protein D (AB17781; Abcam; dilution 1:5,000);
and GAPDH (14C10) rabbit monoclonal antibody (#2118; Cell
Signaling Technology, Danvers, MA, USA; dilution 1:1,000).
The following secondary antibodies were used: rabbit IgG
secondary antibody, H&L (AB6721; Abcam, dilution 1:5,000);
and anti-mouse IgG (whole molecule) peroxidase conjugate
(A9044; Sigma-Aldrich; dilution 1:5,000).

Statistical analysis. The cells were cultured in biological tripli-
cates and each sample was loaded into 3 wells of qPCR plates.
The results were transformed using a common logarithm, and
based on the results of the f-test, two-sample Student's t-tests
with equal or unequal variance were applied. The P-value
was set to 0.05. The analysis compared samples cultured with
insulin or dexamethasone to the control samples. The samples
cultured with both insulin and dexamethasone were compared
to the samples cultured with dexamethasone only. The patients
were divided into 2 groups of 5 patients, and the results were
analyzed in a similar manner.

Results

The regulation of surfactant-associated protein expression
was investigated using bronchiolar-epithelial cells (H441) and
adenocarcinoma-derived alveolar epithelial cells (A549). The
cells were exposed to insulin (2,500 ng/ml) and dexametha-
sone (107 M), and the expression of SFTPs was determined
using qPCR. The proof of principle was tested on a small
group (5+5) of lung adenocarcinoma patients. Insulin was
administered to these patients to maintain normoglycemia
during surgery. Lung samples were obtained from the healthy
tissue surrounding the tumor.

SFTPAI and SFTPA2. No changes in the transcription of the
SFTPA1 and SFTPA2 genes were observed in the H441 cells
following insulin treatment for 48 h. Dexamethasone treat-
ment decreased SFTPA1 and SFTPA2 mRNA production by
approximately 50%. Surprisingly, the cells that received the
combined dexamethasone and insulin treatment showed an
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Figure 1. Relative changes in the expression of SFTPA1 and SFTPA2 in H441
cells after 48 h of treatment. The cells were untreated (control) or treated with
2,500 ng/ml insulin, 107 M dexamethasone (Dex), or both for 48 h. The mRNA
was extracted, reverse transcribed and quantified using TagMan-based real-
time PCR. In A549 cells, no SFTPA1 and STPA2 mRNA was detected. An
asterisk (*) indicates a statistically significant difference from the untreated
control (located above the insulin or Dex sample) or Dex (located above the
Dex + insulin sample) at p<0.05. SFTP, pulmonary surfactant-associated
protein.

enhanced downregulation of SFTPA1 and SFTPA2 compared
with the untreated cells (Fig. 1). The SFTPA protein levels
were reduced following treatment with dexamethasone or a
combination of dexamethasone and insulin. Unlike the mRNA
levels, insulin alone also caused a partial reduction in the
SFTPA protein level (Fig. 2).

The mRNAs encoding SFTPA1 and SFTPA2 or the SFTPA
protein were not detected in the A549 cell line. In the lungs,
the SFTPA1 mRNA level was reduced by 30% following treat-
ment with insulin; however, this change was not statistically
significant. No change was observed in the SFTPA2 mRNA
levels (Fig. 4). The levels of total SFTPA protein varied among
the patients; however, no change was observed in response to
insulin treatment (Fig. 5).

SFTPB. Significant changes in SFTPB expression were
detected in the H441 and A549 cell lines following treatment
with insulin or dexamethasone. Treatment with dexametha-
sone alone increased the level of SFTPB mRNA in both cell
lines. The cells treated with a combination of dexamethasone
and insulin exhibited a strong inhibition of SFTPB mRNA
transcription compared with cells treated with dexametha-
sone alone. The rapid reduction in the SFTPB mRNA level
was observed in the H441 cells treated with insulin alone.
Untreated or insulin-treated A549 cells produced only trace
amounts of SFTPB mRNA (Fig. 3).

We then focused on the detection of the pro-form of
SFTPB, as mature SFTPB is a small molecule (8 kDa) and we
were not able to detect it in the cell lines used in the current
study. The observed levels of proSFTPB protein were low
or barely detectable in the H441 cells (Fig. 2), although the
level of SFTPB mRNA was 100,000-fold higher in the H441
cells compared to the A549 cells (data not shown). However,
in the A549 cells, an increase in the proSFTPB protein level
was observed following treatment with dexamethasone. The
combined treatment with dexamethasone and insulin reduced
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Figure 2. Western blot analysis of A549 and H441 cells after 48 h of treatment.
The cells were untreated (control) or treated with 2,500 ng/ml insulin, 107 M
dexamethasone (Dex), or both for 48 h. The cells were lysed in RIPA buffer,
sonicated and loaded onto a polyacrylamide gel (12%) for electrophoresis
under denaturing conditions. No SFTPA protein was detected in the A549
cells. No SFTPC or proSFTPC protein was detected in A549 or H441 cells.
SFTP, pulmonary surfactant-associated protein.

the proSFTPB protein level. In the patients, statistically signifi-
cant lower levels of SFTB mRNA (50%) and protein (partially)
were observed in the insulin-treated patients compared with
the control group (Figs. 4 and 5).

SFTPC. A significant upregulation in the SFTPC mRNA
level following treatment with dexamethasone was observed
in the H441 cells. In these cells, a significant reduction in the
dexamethasone-induced expression of SFTPC was observed
following 48 h of insulin co-treatment.

The A549 cells did not respond to insulin treatment,
and a minimum response to the dexamethasone treatment
was observed (Fig. 3). As both cell lines produced only a
trace amount of SFTPC mRNA, we were unable to detect
any SFTPC or proSFTPC protein expression. A statistically
significant reduction (45%) in SFTC mRNA expression in the
insulin-treated patients was observed (Fig. 4), and the level of
proSFTPC protein was also reduced in this group (Fig. 5).

SFTPD. Both H441 and A549 cells produced SFTPD, which
was further stimulated following treatment with dexa-
methasone. Treatment with insulin inhibited the normal or
dexamethasone-induced transcription of SFTPD mRNA in
the H441 cells, but not in the A549 cells (Fig. 3). In the A549
cells, the combined treatment of dexamethasone and insulin
reduced the SFTPD protein levels; however, in the H441 cells,
dexamethasone treatment, with or without insulin, elevated
SFTPD protein levels (Fig. 2).

These results provide evidence for the differential regula-
tion of mature protein through dexamethasone and insulin. In
the clinical samples, a 50% reduction in SFTPD mRNA levels
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Figure 3. Relative changes in SFTPB, SFTPC and SFTPD mRNA levels in A549 (left) and H441 (right) cells after 48 h of treatment. The cells were untreated
(control) or treated with 2,500 ng/ml insulin, 107 M dexamethasone (Dex), or both for 48 h. The mRNA was extracted, reverse transcribed and quantified
using TagMan-based real-time PCR. An asterisk (*) indicates a statistically significant difference from the untreated control (located above the insulin or Dex
sample) or Dex (located above the Dex + insulin sample) at p<0.05. SFTP, pulmonary surfactant-associated protein.
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Figure 4. Relative changes in SFTPA1 and A2, SFTPB, SFTPC and SFTPD
mRNA levels in lung tissue samples. Half of the patients were treated with
insulin to maintain normoglycemia. The mRNA was extracted; reverse tran-
scribed and quantified using TagMan-based real-time PCR. An asterisk (¥)
indicates a statistically significant difference from the untreated control at
p<0.05. SFTP, pulmonary surfactant-associated protein.

following treatment with insulin was observed; however, this
result was not statistically significant (Fig. 4). No difference
in the SFTPD protein expression was observed (Fig. 5). These
results are summarized in Table II.

Differences in mRNA levels. Surprisingly, significant differ-
ences in the mRNA levels were observed between the lung
tissue samples and the cell lines using the AACt method
(GAPDH was used as a reference gene in both cell lines and
lung tissue). The expression of SFTPA1 and A2 in the control
samples was 100- and 200-fold lower, respectively in the H441
cell line. No SFTPA mRNA expression was detected in the
A549 cell line. The SFTPB mRNA level in the H441 cells was
approximately 2,000-fold lower than that in the lung tissue,
and approximately 10,000,000-fold lower in the A549 cells.
SFTPC mRNA was the most abundant mRNA in the lung
tissue, but in both cell lines only trace amounts were detected,
with approximately 10,000,000-fold lower concentrations
compared to the lung tissue. The SFTPD mRNA concentra-

Lung samples

- - + + -|- + + Insulin
SFTPA
B .. . . I
—
proSFTPB
SE8- —
proSFTPC
e
SFTPD
e w -
GAPDH

Figure 5. Western blot analysis of lung tissue samples. Half of the patients
were treated with insulin to maintain normoglycemia. The tissue was homo-
genized, lysed in RIPA buffer, sonicated and loaded onto a polyacrylamide
gel (12%) for electrophoresis under denaturing conditions. SFTP, pulmonary
surfactant-associated protein.

tion was 10,000-fold lower in the cell lines compared to the
lung tissue.

Discussion

The aim of this study was to examine the effects of insulin on
the transcription and translation of SFTPs in lung surfactant-
producing cells. Two cell lines, A549 and H441, are commonly
used as models of surfactant-producing cells. Surprisingly, the
2 cell lines used in the current study differed in several biolog-
ical aspects, particularly as regards the production of SFTPs.
Moreover, there was a significant difference in SFTP mRNA
levels in these cell lines compared to those in the lung tissue
samples, making it difficult to generalize the complex role of
insulin and dexamethasone in primary surfactant-producing
lung cells.

Specifically, expression analysis revealed the significantly
reduced production of SFTPA mRNA in the H441 cells and no
production of SFTPA mRNA in the A549 cells. In addition, the
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Table II. Regulation of mRNA/protein levels of SFTPs in A549 and H441 cells following treatment with insulin, dexamethasone

or a combination of both for 48 h.

Cell line Treatment SFTPA1* SFTPA2* SFTPB® SFTPC SFTPD

A549 Insulin -/- -/- /<> /- />
Dex /- /- 1479 /- 11/
Dex + insulin -/- -/- (Ans /1 "M

H441 Insulin /| /| Ve /- Wamd
Dex iy (7 KR YAns /- A
Dex + insulin VI VI (VAmd M- /1

mRNA/protein level: 1, induction; |, inhibition; <>, no effect; -, not detected; (| ), observed but not statistically significant. “We were unable to
distinguish between the SFTPA1 and SFTPA2 protein isoforms. "We were unable to detect mature protein; therefore, we focused on the precursor

form, proSFTPB. SFTP, pulmonary surfactant-associated protein; Dex, dexamethasone.

SFTPB mRNA level was low in the H441 cells, and only trace
amounts were detected in the A549 cells. The levels of SFTPC
and SFTPD mRNA were extremely low in both cell lines. The
concentration of SFTPC mRNA in the H441 cells was barely
detectable, and it was originally considered that the H441 cells
do not synthesize SFTPC mRNA (10). Accordingly, the levels
of SFTPC or proSFTPC proteins were below detection limits
in the cell lines used in the present study.

To compensate for the low quantity of SFTP mRNA and
proteins in these cell lines, dexamethasone was successfully
applied to stimulate the transcription of the SFTPB, SFTPC and
SFTPD genes. The effects of insulin treatment were accurately
measured following treatment with dexamethasone; however,
the the relatively large differences in the mRNA levels between
the cell lines and lung tissue were maintained.

Our results (Table II) demonstrated that insulin reduced
the mRNA transcription of the SFTPB, SFTPC and SFTPD
genes in the H441 cells, but did not alter the transcription
of SFTPA1 and SFTPA2, unless used in combination with
dexamethasone. Surprisingly, the combination of insulin and
dexamethasone significantly reduced the transcription of
SFTPA mRNA compared with the effects of dexamethasone
alone. In the A549 cells, only SFTPB transcription was down-
regulated following treatment with insulin. Insulin did not
affect SFTPC or SFTPD mRNA levels.

Although the SFTPA mRNA level in the H441 cells was
not affected by insulin alone, the level of SFTPA protein was
reduced in response to insulin, but not to the extent of the
reduction observed with dexamethasone treatment alone. The
treatment with dexamethasone alone, or in combination with
insulin, induced only trace amounts of the SFTPA protein in
the H441 cells. As expected, based on the absence of SFTPA1
or A2 mRNA, no SFTPA protein was detected in the A549
cells. Our results suggested that the stability of the proSFTPB
protein was impaired in the H441 cells. However, the detection
of mature SFTPB protein using western blot analysis was not
successful, as the mature SFTPB protein had a low molecular
weight. In the A549 cells, insulin counteracted the increase
in proSFTPB protein levels induced by dexamethasone. This
result was consistent with the qPCR results. Therefore, we
suggest that the increase in proSFTPB protein levels is a direct
consequence of lower SFTPB mRNA production.

Although SFTPD protein was detected in both cell lines,
this protein was more abundant in the H441 cells. This
difference was further increased following treatment with
dexamethasone. Insulin treatment did not counteract the effects
of dexamethasone on the expression of SFTPD protein. We
suggest that the stability of the SFTPD protein is greater in
the H441 cells since the SFTPD protein level is significantly
higher in the H441 cells than in the A549 cells, despite the fact
that both cell lines contain the same amount of SFTPD mRNA.

SFTPB protein levels remained unresponsive to the
increased mRNA levels induced by dexamethasone in the
A549 cells. This result may reflect a reduction in the stability
of this protein in A549 cells. The combination of dexametha-
sone and insulin treatment exerted inhibitory effects on the
expression of SFTPB protein in the A549 cells and SFTPA
protein in the H441 cells.

In contrast to the findings of previous studies concerning
the effects of insulin in human fetal lung explants maintained
in vitro (39) and H441 cells (10), we did not observe any inhibi-
tory effects of insulin on the SFTPA1 and SFTPA2 mRNA
levels after 48 h of insulin treatment in the H441 cells. However,
we also observed a reduction in SFTPB mRNA levels in the
H441 cells, consistent with the findings of the aforementioned
studies. We observed a reduction in SFTPC protein levels in
the H441 cells following treatment with dexamethasone and
insulin. This result was not observed in the A549 cells. In
human fetal lung explants, no significant effect on SFTPC
mRNA levels was observed (39).

In this study, we demonstrate that dexamethasone differ-
entially upregulates the transcription of SFTPB, SFTPC and
SFTPD in the H441 and A549 cell lines, suggesting that
this process involves cell context-dependent transcriptional
machinery. The transcription of SFTPA1 and SFTPA2 mRNA
was enhanced following treatment with dexamethasone in
the H441 cells. In non-human primate fetal lung cells, dexa-
methasone treatment has also been shown to reduce the levels
of SFTPA mRNA (authors did not distinguish the 2 isoforms),
although the sensitivity to dexamethasone treatment was
reduced as the tissue matured (40). In the present study, the
H441 cells showed typical characteristics of immature lung
tissue. According to Kumar and Snyder (35), treatment with
dexamethasone reduced the SFTPA1 mRNA level by 60%,
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and treatment with insulin reduced the SFTPA1 mRNA
level by 40% in the H441 cells. Moreover, dexamethasone
and insulin co-treatment did not affect the SFTPA2 mRNA
levels. In this study, we confirmed that dexamethasone reduces
SFTPAL transcription, and we observed an equivalent reduc-
tion (approximately 50%) in SFTPA2 transcription. Moreover,
in the study by Kumar and Snyder, using human fetal lung
explants, treatment with dexamethasone or insulin reduced the
SFTPA1 and the SFTPA2 mRNA level to the same degree (35).
In the present study, we did not detect any significant effects
of insulin treatment on SFTPA1 and SFTPA2 mRNA levels,
unless insulin was combined with dexamethasone.

The stimulatory effect of dexamethasone on the SFTPB
and SFTPC transcription has been previously established (41).
This effect may reflect the increased transcription and SFTPB
mRNA stabilization, in addition to the increased transcription
and disputable effect on SFTPC mRNA stabilization (42-46).
Previous studies have shown that SFTPD transcription is
enhanced by treatment with dexamethasone, although there
are no data concerning the effect of dexamethasone on the
stability of SFTPD mRNA (47). In our study, surprisingly,
the A549 cells responded to dexamethasone treatment and
displayed an increase in the production of SFTPC mRNA.
The H441 cells exhibited a slight increase in the production
of SFTPD mRNA.

Two factors challenge the suitability of the A549 and H441
cell lines as models for lung surfactant-producing cells, type 11
pneumocytes and Clara cells: low levels of SFTP mRNA in
the A549 and H441 cells compared with the lung tissue and
the differences between the 2 cell lines, which were expected
to exhibit similar SFTP production. We suggest that the use
of A549 and H441 cells is limited, and no solid conclusions
concerning SFTPs should be based on experiments performed
only on these cell lines.

Therefore, our study demonstrates the possibility of
measuring the effects of insulin on SFTP expression in patients
with lung adenocarcinoma. However, insulin is only adminis-
tered to maintain normoglycemia, which is disrupted through
stress as a result of surgery. Therefore, it is only possible to
examine the effects of insulin in a range of hours and not days.
In this study, we focused on insulin- and dexamethasone-
induced changes in the expression of SFTPs. We demonstrate
that insulin reduces the transcription of SFTPB, SFTPC and
SFTPD in H441 cells. In the A549 cells, only SFTPB transcrip-
tion was downregulated following treatment with insulin. The
expression of SFTPA1 and SFTPA2 was only detected in the
H441 cells, although insulin did not affect their mRNA levels.
Insulin significantly reduced the protein levels of SFTPA in
the H441 cells. The inhibitory effect of insulin on proSFTPB
protein levels was observed in the A549 cells. Dexamethasone
upregulated the transcription of SFTPB, SFTPC and SFTPD
genes in the A549 and H441 cells. Dexamethasone downregu-
lated the transcription of the SFTPA1 and SFTPA2 genes in
the H441 cells. However, the differences between the A549
and H441 cells and the generally low levels of SFTP mRNA
compared with the lung tissue, challenge the suitability of these
cell lines as models of surfactant-producing cells. We recom-
mend studying the effects of insulin on SFTPs in patients,
demonstrating the feasibility of these experiments using tissues
samples from patients with lung adenocarcinoma during lung
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resection. We suggest that the use of these samples may generate
reliable results when the use of cell line models is disputable.
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