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Abstract

GDF15 (Growth and differentiation factor 15) is a secreted cytokine, a direct target of p53 and 

plays a role in cell proliferation and apoptosis. It is induced by oxidative stress and has anti-

apoptotic effects. The role of GDF15 in hyperoxic lung injury is unknown. We tested the 

hypothesis that GDF15 will be induced in vitro, in a model of pulmonary oxygen toxicity, and will 

play a critical role in decreasing cell death and oxidative stress. BEAS-2B (human bronchial 

epithelial cells) and human pulmonary vascular endothelial cells (HPMEC) were exposed to 

hyperoxia, and expression of GDF15 and effect of GDF15 disruption on cell viability and 

oxidative stress was determined. Furthermore, we studied the effect of p53 knockdown on GDF15 

expression. In vitro, both BEAS-2B and HPMEC cells showed a significant increase in GDF15 

expression upon exposure to hyperoxia. After GDF15 knockdown, there was a significant 

decrease in cell viability and increase in oxidative stress compared to control cells transfected with 

siRNA with a scrambled sequence. Knockdown of p53 significantly decreased the induction of 

GDF15 by hyperoxia. In conclusion, we show that GDF15 has a pro-survival and anti-oxidant role 

in hyperoxia and that p53 plays a key role in its induction.
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1. Introduction

Exposure to high concentrations of oxygen (hyperoxia) can cause or worsen lung injury in 

diseases such as acute respiratory distress syndrome (ARDS) and bronchopulmonary 

dysplasia (BPD) (Madurga et al., 2013). Hyperoxia creates an environment of increased 

oxidative stress and leads to the production of reactive oxygen species (ROS) (Saugstad, 

2003) leading to cellular injury and death. The molecular mechanisms and pathways behind 

hyperoxic lung injury, including toxicity to various pulmonary cell types still need to be 

delineated.

GDF15 (also known as MIC-1, NAG-1, PLAB, PTGFB) is a divergent member of the TGF-

β superfamily, which is widely distributed in mammalian tissues. It is recognized as a stress-

responsive cytokine and its levels are elevated in diseases such as acute respiratory distress 

syndrome, pulmonary hypertension and heart failure (Clark et al., 2013; Kempf and Wollert, 

2013; Nickel et al., 2011). The increased serum concentrations may indicate ongoing 

cellular injury or a protective response to cellular stress. Gdf15 is a part of the in vivo gene 

expression signature of oxidative stress (Han et al., 2008). GDF15 has been shown to have 

anti-inflammatory (Kempf et al., 2011; Kim et al., 2013; Preusch et al., 2013) and anti-

apoptotic (Jin et al., 2012) effects. In the lungs, GDF15 is abundantly expressed in the 

plexiform lesions in patients with pulmonary hypertension and its levels are increased in the 

serum (Nickel et al., 2011). It is expressed and induced in response to hypoxia in human 

pulmonary vascular endothelial cells, and treatment with recombinant human GDF15 

decreases apoptosis and improves cellular proliferation (Nickel et al., 2011). The goal of this 

study was to determine the expression and mechanistic role of GDF15 in human pulmonary 

epithelial and endothelial cells exposed to hyperoxia, in vitro. We tested the hypothesis that 

GDF15 will be induced in vitro in a model of pulmonary oxygen toxicity, and will play a 

critical role in decreasing apoptosis and oxidative stress in human pulmonary epithelial 

(BEAS-2B) and endothelial (HPMEC) cell lines exposed to hyperoxia. In the current study, 

we report that hyperoxia causes augmentation of GDF15 expression in both pulmonary 

epithelial and endothelial cells, which is accompanied by increase in cell survival and 

decrease in ROS generation, and that p53 plays a key role in the induction of GDF15 in 

hyperoxic conditions.

2. Materials and methods

2.1. Cell culture

The human bronchial epithelial cell line (BEAS-2B) was purchased from American Type 

Culture Collection (Rockville, MD). They were cultured in DMEM/F-12, 50/50, (Cell Gro, 

Manassas, VA) supplemented with 10% fetal bovine serum, 50 U penicillin/ml, and 50μg/ml 

streptomycin in a 5% CO2/95% air at 37°C. The HPMEC endothelial lung cells were 

obtained from ScienCell (Carlsbad, California). They were cultured in ECM media 

(ScienCell) supplemented with 25 ml of fetal bovine serum, 5 ml of endothelial cell growth 
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supplement (ScienCell) and 5 ml of penicillin/streptomycin solution in a 5% CO2/95% air at 

37°C. The plates for HPMEC were coated fibronectin, 2 μg/cm2, at 37°C overnight. All cells 

were routinely passaged every 3 - 4 days.

2.2. RNA Interference

p53 siRNA, GDF15 siRNA (GFP tagged) and control siRNA were obtained from Qiagen 

(Valencia, CA). Transfection was performed using Lipofectamine (Life Technologies, 

Carlsbad, CA). The final concentration of siRNA was 50nM, and 15 hours after transfection, 

the cells were used for the experiments.

2.3. Exposure of cells to hyperoxia

Hyperoxia experiments were conducted in a Plexiglas sealed chamber into which a mixture 

of 95% O2 and 5% CO2 was circulated continuously. The chamber was placed in a Forma 

Scientific water-jacketed incubator at 37 °C. Once the O2 level inside the chamber reached 

95%, the cells were placed inside the chamber for the desired length of time. The control 

cell population was maintained at 5% CO2/95% air at 37°C. For each protocol, three or four 

independent experiments were performed

2.4. ELISA

The human GDF15 ELISA Kit (Cat No.155432) was obtained from AbCam (Cambridge, 

MA). Plates were placed in hyperoxia or room air and supernatant was collected at different 

time-points in triplicates and immediately placed at -81°C. 100uL of each sample was 

analyzed in duplicate according to the manufacturer recommendations. Plates were read 

immediately at 450 nm. TC20™ Automated Cell Counter (BioRad Laboratories, Hercules, 

CA) was used to obtain the number of total cells.

2.5. MTT Assay

The CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega Inc. Madison, 

WI) was used for the MTT assay as per the manufacturer recommendations. BEAS-2B and 

HPMEC cells were seeded onto 96-well microplates at a density of 1×104 cells per well 

followed by exposure to room air or hyperoxia for up to 72 h. The absorbance at 490 nm 

was read using SpectraMax M3 microplate reader (Molecular Devices LLC, Sunnyvale, 

CA).

2.6. Measurement of ROS generation

The ROS-Glo™ H2O2 Assay (Promega Inc.) was used to measure the level of hydrogen 

peroxide (H2O2), a reactive oxygen species (ROS), directly in cell culture according to the 

manufacturer's recommendations. Cells were plated at a density of 100,000 cells/well on a 

96 well format plate, and incubated overnight for attachment before transfection with 

respective siRNA. The plates were placed in hyperoxia or normoxia for 0 h, 4 h, 8 h, 12 h 

and 24 h. H2O2 substrate solution was added to the plates 6 h before read, and the plates 

were replaced in hyperoxia chamber. The detection solution was added to the plates 20 min 

before each read and incubated at room temperature and relative luminescence was recorded 

using SpectraMaxM3 microplate reader (Molecular Devices LLC, Sunnyvale, CA).
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2.7. RT PCR

Total RNA was extracted using the RNeasy Mini Kit from (Qiagen Inc.) RNA concentration 

and quality was measured with the use of NanoDrop Spectrophotometer (Thermo Fisher 

Scientific, Waltham, USA). The QuantiTect Reverse Transcription Kit (Qiagen Inc.) was 

used for cDNA synthesis with integrated genomic DNA removal. RT- PCR was performed 

using the Quantifast SYBR Green kit (Qiagen). 18s rRNA was used as an internal control. 

The cycle for cDNA was 15 minutes at 42°C and denaturation at 95°C for 3 minutes. 

Amplification and detection were performed with Viia 7 RT-PCR System (Applied 

Biosystems). The thermal cycling step was for 40 cycles for denaturation at 95°C for 10 sec 

and 40 cycles at 60°C for 30 sec excluding initial heat activation at 95°C for 5 min. The 

ΔΔCt method was used to calculate the fold change in mRNA expression: ΔCt = Ct (target 

gene) - Ct (reference gene), ΔΔCt = ΔCt (treatment) - ΔCt (control), fold change = 2(-ΔΔCt). 

The primers used were purchased from Qiagen GDF15 Cat # QT 0082558, p53 Cat # QT 

00060235, 18s rRNA Cat # QT 00199367.

2.8. Western Blot

Protein lysates were prepared using M-PER mammalian protein extraction reagent (Thermo 

Scientific). The protein concentration was measured using Bradford method. Total protein 

extract (20-30 μg) was resolved by SDS-PAGE and transferred to nitrocellulose membranes. 

Antibody to GDF15 (1:1000, rabbit monoclonal antibody, Cat. No 8479) and human 

recombinant GDF15 (used as positive control) were purchased from Cell Signaling 

Technologies (Beverly, MA, USA). The next day, membranes were washed with 1xTBST, 

and incubated with horseradish peroxidase (HRP)- conjugated anti-rabbit IgG secondary 

antibody for 1 h at room temperature. For loading controls, the membranes were stripped 

using a buffer containing SDS, Tris HCL and β-mercaptoethanol. Warmed buffer (50°C) 

was added to cover the membrane and incubated for 45 minutes with some agitation. After 

rinsing and washing extensively for 5 minutes in TBST the membrane was blocked and 

incubated with antibodies against β-actin. Protein bands were visualized with HyGLO™ 

Chemiluminescent HRP Antibody Detection Reagent (Denville Scientific, NJ). Relative 

quantitation was performed using Image Studio Lite Software ™ with normalization against 

β-actin. The fold expression was indicated as the relative protein level.

2.9. Statistical Analysis

The statistical analyses were performed on three independent biological replicates. Results 

are reported as means ± standard error of the mean (SEM). Data were analyzed using 2-way 

analysis of variance (the main effects were: treatment group and hyperoxia duration), 

followed by Bonferroni posttests for comparisons against control conditions using GraphPad 

version 6. Significance was assigned for P < 0.05.

3. Results

3.1. Induction of GDF15 expression in pulmonary epithelial and endothelial cells in 
hyperoxia

GDF15 expression was measured at room air and following 24-72 h of hyperoxia exposure. 

There was a significant induction (upto 90-fold) of GDF15 expression at the mRNA level as 
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measured by RT-PCR in BEAS-2B (1a) and HPMEC (1b) cells exposed to hyperoxia 

compared to room air controls. We performed ELISA (Figure 1c and 1d) of the cell culture 

supernatants at room air or after 0, 12, 24, 48, and 72 h of hyperoxia exposure, as GDF15 is 

a secreted protein. The values were normalized to total cell count. Similar trends were 

observed with significant induction of GDF15 production in response to hyperoxia in both 

the cell lines compared to respective room air values. There was a 4-fold increase in GDF15 

levels compared to cells at room air. Figures 1e and f show the western blot densitometric 

analysis of GDF15 protein expression in cell lysates in BEAS-2B (1e) and HPMEC (1f) cell 

lines. The results were similar to those seen in ELISA experiments, with significant 

induction in the 13kD segment of GDF-15, which is the mature active form, in both cell 

lines with hyperoxia exposure. Figure 1g depicts a representative western blot from 

BEAS-2B cells showing induction of protein in hyperoxia compared to cells in room air. 

Similar results were seen in HPMEC (shown in supplementary figure 1).

3.2. Knockdown of GDF15 abrogates the induction in hyperoxia

To achieve silencing of GDF15, we performed siRNA transfection of BEAS-2B and 

HPMEC cells using GDF15 siRNA, and used cells transfected with siRNA with a scrambled 

sequence as controls. Figure 2a and 2b demonstrate the successful knockdown of GDF15 

mRNA expression with siRNA in BEAS-2B (2a) and HPMEC (2b) cells. As can be seen in 

figures 2c and 2d, cells transfected with GDF siRNA showed lesser induction in GDF15 

mRNA upon exposure to hyperoxia compared to controls. Similar results were also obtained 

with ELISA (Figures 2e and f). In BEAS-2B (2e) cells, there was no increase in GDF-15 

levels in cells transfected with GDF15 siRNA, followed by exposure to hyperoxia. In 

HPMEC cells (2f) though there was increase in levels in GDF15 siRNA transfected cells, 

the levels were higher in controls at each time point under hyperoxic conditions.

3.3. Effects of GDF15 knockdown on cell viability and oxidative stress in BEAS-2B or 
HPMEC cells exposed to hyperoxia

To investigate whether GDF15 modulates hyperoxic lung injury, control or GDF15 siRNA 

transfected BEAS-2B and HPMEC cells were exposed to air or hyperoxia for up to 72 hr, 

following which the cells were harvested to determine cell viability (MTT assay) and H2O2 

generation as a marker of oxidative stress. Hyperoxia significantly decreased cell viability 

(3a), and increased oxidative stress (3b) in GDF15 deficient BEAS-2B cells compared to 

cells transfected with siRNA with a scrambled sequence. In pulmonary endothelial cells, 

silencing of GDF15 similarly decreased cell viability (3c) and increased ROS generation 

compared to controls (3d). We confirmed the effects of GDF15 knockdown on cell viability 

and ROS generation with a second siRNA and results were similar. This is shown in 

supplementary figure 2.

3.4. Effect of p53 knockdown on GDF15 expression in BEAS-2B and HPMEC cells exposed 
to hyperoxia

To study the role of p53 in GDF15 induction in hyperoxia, we achieved p53 knockdown in 

BEAS-2B (Figure 4a) and HPMEC (Figure 4b). After silencing p53, the induction in GDF15 

mRNA in BEAS-2B cells exposed to hyperoxia was significantly decreased by 94% when 
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compared to controls (Figure 4c). GDF15 protein levels in cell culture supernatants 

(measured by ELISA), also showed significant attenuation of protein levels after p53 

knockdown in BEAS-2B cells at 48 (by 40%) and 72 hr (by 33%) (Figure 4e). In HPMEC 

cells, p53 knockdown similarly abrogated the induction in GDF15 induction at the 

transcriptional level (Figure 4d) and translational level (Figure 4f) at 24, 48, and 72 hr by 60, 

40, and 45% respectively.

4. Discussion

In the present study, we documented up regulation of GDF15, a secreted cytokine and a 

member of the TGF- β superfamily in pulmonary epithelial and endothelial cells after 

hyperoxia exposure. Using siRNA mediated gene silencing, we further established that loss 

of function of this gene leads to increased oxidative stress and decreased cell viability. In 

addition, we show that p53 plays a crucial role in hyperoxia induced GDF15 expression in 

pulmonary epithelial and endothelial cells. To the best of our knowledge, this is the first 

study showing that GDF15 is induced and may play a pro-survival and anti-oxidant role 

under hyperoxic conditions in human pulmonary epithelial and endothelial cells in vitro. 

These findings need to be further substantiated in relevant in vivo studies.

Exposure to supraphysiological concentrations of oxygen (hyperoxia) leads to lung injury in 

animal models and causes cell death in cultured cells (Buczynski et al., 2013; Hilgendorff et 

al., 2013; O'Reilly, 2001). It contributes to the development of diseases such as BPD in 

premature neonates and ARDS in children and adults. ROS generated during hyperoxia lead 

to damage of cellular components including DNA, lipid and protein ultimately leading to 

cell death. Being the first organ to encounter hyperoxia through inhalation, hyperoxia 

adversely affects all cell types in the lung, the endothelial cells being the most sensitive 

(O'Reilly, 2001). Both BEAS-2B (bronchial epithelial cell line) (Zhang et al., 2009) and 

HPMEC (human pulmonary microvascular endothelial cells) (Wright et al., 2010) have been 

used as models to study the effects of pulmonary oxygen toxicity in vitro.

GDF15 is a member of the TGF- β superfamily and is expressed in virtually all tissues. The 

exact biological functions of GDF15 are still poorly understood. GDF15 is synthesized as an 

inactive precursor that undergoes proteolytic processing involving removal of an N-terminal 

hydrophobic signal sequence followed by cleavage generating an active C-terminal domain 

that is secreted as a dimeric protein (Wang et al., 2013). It is up regulated in many 

pathological conditions, including inflammation, malignancy, and cardiovascular, 

pulmonary and renal disease (Nickel et al., 2011).

In situ hybridization studies in rats showed GDF15 expression in bronchial epithelial cells 

(Böttner et al., 1999). It is expressed and induced in response to hypoxia in human 

pulmonary vascular endothelial cells and treatment with recombinant human GDF15 

decreased apoptosis and improved cellular proliferation. GDF15 is induced in animal 

models of lung injury (McGrath-Morrow et al., 2014; Zimmers et al., 2005). We have shown 

that GDF15 was among the top five genes induced in the murine lungs in vivo when 

subjected to hyperoxia (Lingappan et al., 2014).
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GDF15 has been shown to have both pro- and anti-apoptotic effects depending on the tissue 

type and the cellular environment. It prevented low potassium induced death in cerebellar 

granule cells (Subramaniam et al., 2003) and had an anti-apoptotic effect on cultured 

cardiomyocytes, subjected to simulated ischemia/reperfusion and endothelial cells subjected 

to hypoxia (Kempf et al., 2006; Song et al., 2012) or high glucose stimulus (Li et al., 2013a). 

Agarwal et al. showed that application of exogenous GDF-15 or its constitutive expression 

from a cDNA provided remarkable protection of p53-null cells from apoptosis mediated by 

phosphonacetyl-l-aspartate, which blocks the synthesis of pyrimidines (Agarwal et al., 

2006). GDF15 is a marker of ongoing oxidative stress and is consistently up regulated in 

such conditions. We show in our study that silencing of GDF15 increases oxidative stress in 

pulmonary epithelial and endothelial cells and point towards an anti-oxidant role of this 

protein. Li et al reported similar results in HUVEC cells exposed to high glucose conditions 

(Li et al., 2013b).

GDF15 is known to be a direct target of p53 (Kang et al., 2013; Kannan et al., 2000; Osada 

et al., 2007), which in turn is induced after hyperoxia exposure (Maniscalco et al., 2005; 

O'Reilly et al., 1998; Shenberger and Dixon, 1999). The interaction between GDF15 and 

p53 in response to hyperoxia exposure has not been investigated. Hyperoxia leads to DNA 

damage and induction of p53 and also causes the cell cycle arrest at the G1-S phase, which 

allows DNA repair to occur (O'Reilly, 2001). Agarwal et al observed that GDF15 mediated 

a p53-dependent protective arrest in S phase in response to starvation for DNA precursors 

(Agarwal et al., 2006). Zimmers et al on the other hand showed that in response to hyperoxic 

lung injury, induction in GDF-15 was unchanged in p53 null mice (Zimmers et al., 2005). 

We report herein that in BEAS-2B and HPMEC cells, silencing of p53 decreases the 

induction of GDF-15 at the transcriptional level indicating that increase in GDF-15 

expression is at least partly mediated by p53 in hyperoxia in these cell types.

In summary, we demonstrate that hyperoxia induces GDF15 expression in human 

pulmonary epithelial and endothelial cells, which has a pro-survival and anti-oxidant effect 

in these cells. Also, the induction of GDF15 in response to hyperoxia is mediated through 

p53 in these cell lines. The present study provides an insight into the possible mechanism of 

protective effect of GDF15 in diseases such as BPD and ARDS, and future studies could 

lead to GDF15 as a target for prevention and/or treatment of these pulmonary diseases in 

humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

BPD Bronchopulmonary dysplasia
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ARDS Acute Respiratory Distress Syndrome

ROS Reactive oxygen species
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Highlights

• GDF15 is induced in pulmonary epithelial and endothelial cells by hyperoxia.

• Loss of GDF15 decreases cell viability and increases oxidative stress.

• p53 plays a major role in the induction of GDF15 in hyperoxic conditions.
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Figure 1. Induction of GDF15 expression in pulmonary epithelial and endothelial cells in 
hyperoxia
BEAS-2B (a,c,e,g) and HPMEC (b,d,f) cells exposed to room air (room air-5% CO2) and 

hyperoxia (95% O2-5% CO2) up to 72 hr. GDF15 expression at the mRNA level (a,b) and at 

the protein level (ELISA (c,d) and western blot (e-g) was measured. The protein band for 

GDF15 is the monomer (13kD). β-actin was used as the loading control for the western blot 

experiments. Values are means ± SEM of 3 independent biological replicates. Significant 

differences between corresponding room air and hyperoxia exposed cells are indicated by 

*P <0.05, **P <0.01 and ***P <0.001. Significant differences from 0 hr values are 

indicated by # P <0.05 and ### P < 0.001.
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Figure 2. Knockdown of GDF15 abrogates GDF15 induction in hyperoxia
BEAS-2B (a,c,e) and HPMEC (b,d,f) cells exposed to room air (room air-5% CO2) and 24, 

48, or 72 h of hyperoxia (95% O2-5% CO2). GDF15 siRNA or negative control siRNA were 

transfected into BEAS-2B and HPMEC cells. Expression of GDF-15 was measured at the 

mRNA (a-d) and protein level (e,f) by ELISA. Values are means ± SEM of 3 independent 

biological replicates. Significant differences between GDF15 siRNA and negative control 

siRNA groups are indicated by *P <0.05, **P<0.01 and ***P <0.001.
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Figure 3. GDF15 knockdown decreases cell viability and increases oxidative stress in BEAS-2B 
or HPMEC cells exposed to hyperoxia
BEAS-2B (a,b) and HPMEC (c,d) cells were cultured in room air or hyperoxia were 

subjected to the MTT assay and ROS-Glo™ luminescent H2O2 assay. Values are means ± 

SEM of 3 independent biological replicates. Significant differences between GDF15 siRNA 

and negative control siRNA groups are indicated by *P <0.05, **P<0.01 and ***P <0.001. 

Significant differences between corresponding 0 hr values are indicated by # P <0.05 and ### 

P < 0.001.
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Figure 4. p53 knockdown decreases GDF15 expression in BEAS-2B or HPMEC cells exposed to 
hyperoxia
p53 siRNA or negative control siRNA were transfected into BEAS-2B and HPMEC cells. 

Cells exposed to room air (room air-5% CO2) and up to 72 hr of hyperoxia (95% O2-5% 

CO2). Figures 4a and 4b show successful p53 knockdown at the mRNA level in BEAS-2B 

(a) and HPMEC cells (b). Expression of GDF15 was measured at the mRNA (c, d) and 

protein level (e,f) in BEAS-2B (c, e) and HPMEC (d, f) cells. Values are means ± SEM of 3 

independent biological replicates. Significant differences between p53 siRNA and negative 

control siRNA groups are indicated by *P <0.05, **P<0.01 and ***P <0.001.
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