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Abstract. The identification of rapid, sensitive and high- 
throughput biomarkers is imperative in order to identify 
individuals harmed by radiation accidents, and accurately 
evaluate the absorbed doses of radiation. DNA microar-
rays have previously been used to evaluate the alterations in 
growth/differentiation factor 15 (GDF15) gene expression in 
AHH-1 human lymphoblastoid cells, following exposure to 
γ-rays. The present study aimed to characterize the relation-
ship between the dose of ionizing radiation and the produced 
effects in GDF‑15 gene expression in AHH-1 cells and human 
peripheral blood lymphocytes (HPBLs). GDF‑15 mRNA 
and protein expression levels following exposure to γ-rays 
and neutron radiation were assessed by reverse transcrip-
tion-quantitative polymerase chain reaction and western blot 
analysis in AHH-1 cells. In addition, alterations in GDF‑15 
gene expression in HPBLs following ex vivo irradiation were 
evaluated. The present results demonstrated that GDF‑15 
mRNA and protein expression levels in AHH-1 cells were 
significantly upregulated following exposure to γ-ray doses 
ranging between 1 and 10 Gy, regardless of the dose rate. 
A total of 48 h following exposure to neutron radiation, a 

dose‑response relationship was identified in AHH‑1 cells at 
γ-ray doses between 0.4 and 1.6 Gy. GDF‑15 mRNA levels 
in HPBLs were significantly upregulated following exposure 
to γ-ray doses between 1 and 8 Gy, within 4-48 h following 
irradiation. These results suggested that significant time‑ and 
dose-dependent alterations in GDF‑15 mRNA and protein 
expression occur in AHH-1 cells and HPBLs in the early 
phases following exposure to ionizing radiation. In conclusion, 
alterations in GDF‑15 gene expression may have potential as a 
biomarker to evaluate radiation exposure.

Introduction

Gene expression is sensitive to environmental factors such 
as ionizing radiation. Radiation-induced alterations in gene 
expression profiles in humans and animal models have been 
analyzed in an effort to identify biomarkers suitable for the 
accurate estimation of the radiation dose in exposed indi-
viduals (1-10). DNA microarrays for gene expression profile 
analysis have been used as a novel screening method for the 
identification of novel biomarkers, as they are able to simul-
taneously assess alterations in the expression of thousands 
of genes (3,11-17). Quantitative polymerase chain reaction 
(qPCR) is often performed to validate microarray results. 
Alterations in the expression of numerous genes have been 
identified in irradiated cell lines and human peripheral blood 
lymphocytes (HPBLs) (18-23). Previous studies in mouse and 
human models have reported that the patterns of alteration in 
gene expression induced by radiation are specific, durable and 
can accurately reflect radiation exposure (24,25).

Previous studies have reported that alterations in the 
expression of certain genes following exposure to radiation are 
dose‑ or time‑dependent within a specific dose range or dura-
tion of treatment (2,4,26-28). Various radiation-responsive 
genes, including growth arrest and DNA damage-inducible 45 
(GADD45), cyclin-dependent kinase inhibitor 1A (CDKN1A), 
mouse double minute 2 homolog and proliferating cell nuclear 
antigen (PCNA), have been identified as downstream targets 
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of tumor protein 53 (6,18,29). A previous study demonstrated 
that the γ-ray-induced GADD45 upregulation in HPBLs is a 
linear dose-response relationship after 24 and 48 h of 0-3 Gy 
irradiation (6). In addition, in human blood samples exposed 
to various γ-ray doses (0.5, 2, 5 and 8 Gy), alterations in the 
expression of five genes, including CDKN1A, were detected 
at 24 h post-irradiation (29). However, a specific pattern 
of radiation-induced alterations in gene expression, that is 
consistent across cell types, doses and duration of exposure, 
has yet to be characterized. The analysis of the alterations in 
the expression of radiation-responsive genes has potential as a 
strategy to detect radiation exposure; however, its limitations 
need to be addressed prior to its establishment as a method for 
the assessment of radiation exposure in clinical practice (30).

Identifying genes and dose-response models with the 
highest reproducibility is necessary to establish a gene expres-
sion signature database for rapid, reliable and high-throughput 
biodosimetry following radiation exposure (31-35). Gene 
expression studies in human primary fibroblasts, keratino-
cytes (36-38) and pulmonary epithelial cells (19) suggested 
that growth/differentiation factor 15 (GDF‑15), which is 
also a target gene of p53, is a radiation-responsive gene. 
Radiation-induced alterations in GDF‑15 expression are corre-
lated with the time and dose of radiation exposure (19,34). 
Previous microarray analysis in our laboratory, demonstrated 
that GDF‑15, among other genes, was consistently upregulated 
in AHH-1 human lymphoblastoid cells following exposure to 
0.5, 3 and 8 Gy of 60Co γ-rays (39).

In the present study, the relationship between alterations 
in GDF‑15 expression and the dose of ionizing radiation 
was investigated in AHH-1 cells and HPBLs. Alterations in 
GDF‑15 expression in AHH-1 cells were examined at various 
time points following exposure to a wide range of 60Co γ-ray 
and neutron radiation doses. Since HPBLs are sensitive to 
radiation-induced damage and can be easily sampled, they 
were used to validate the results obtained in AHH-1 cells. 
Alterations in GDF‑15 mRNA expression levels in HPBLs 
irradiated ex vivo with γ-rays were investigated at various time 
points following exposure, and using a wide range of radiation 
doses. In addition, baseline GDF‑15 gene expression levels 
were quantified in HPBLs from healthy adult donors.

Materials and methods

Cell culture. The AHH-1 cell line, which is a human B lympho-
cyte cell line derived from a 33-year-old Caucasian male and 
immortalized by Epstein-Barr virus (40), was obtained from 
American Type Culture Collection (Manassas, VA, USA). 
AHH-1 cells were cultured in RPMI-1,640 medium (Thermo 
Fisher Scientific, Inc., Waltham, MA, USA), supplemented 
with 10% heat-inactivated fetal bovine serum (FBS; HyClone; 
GE Healthcare Life Sciences, Logan, UT, USA), 2 mM l-gluta-
mine (Thermo Fisher Scientific, Inc.), 100 U/ml penicillin 
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and 
100 mg/ml streptomycin (Sigma-Aldrich; Merck KGaA). The 
AHH-1 cell line is diploid and its population doubling time 
ranges between 16 and 19 h. AHH-1 cells were incubated at 
37˚C in a humidified 5% CO2 atmosphere. AHH-1 cells in the 
exponential phase of growth were seeded in flasks at a density 
of 1x107 cells/ml and prepared for irradiation.

Human peripheral blood samples. Blood samples from 
73 healthy adult donors (39 males and 34 females; age, 
20‑60 years) were obtained for the quantification of baseline 
GDF‑15 mRNA expression levels. The eligibility of the donors 
was evaluated using questionnaires and regular medical 
examination. Peripheral blood samples (4 ml) were collected 
from each subject. Radiation-induced alterations in GDF‑15 
gene expression were investigated in peripheral blood samples 
from 3 healthy adult male subjects (aged 26, 29 and 41 years). 
The subjects had no history of chronic disease, substance 
abuse, smoking, or toxic chemical exposure. In addition, they 
had not been exposed to radiation or had a history of viral 
infections during the months preceding the study.

The present study was approved by the Ethics Committee 
of the National Institute for Radiological Protection, Chinese 
Center for Disease Control and Prevention (Beijing, China). 
Written informed consent was obtained from all human 
subjects prior to enrollment in the present study. Experiments 
were conducted according to the principles outlined in the 
Declaration of Helsinki.

Sample irradiation. Irradiation with 60Co γ-rays was 
performed in the Beijing Radiation Center (Beijing, China). 
The source radioactivity was 130 TBq. The exposure setup was 
calibrated by physical measurement using a tissue-equivalent 
ionizing chamber. The radiation dose rate was calculated 
using the source radioactivity and the distance between the 
source and sample: A dose rate of 1 Gy/min corresponded 
to a source-sample distance of 73.5 cm. The homogeneous 
irradiation field was 30x30 cm; the samples were placed within 
a 5 cm-radius circle and the uncertainty of the calibration was 
1%. AHH‑1 cells were seeded in flasks (1x107 cells/ml) and 
irradiated. Radiation doses of 0, 1, 3, 5, 8 and 10 Gy, at a dose 
rate of 1 Gy/min, were used in the dose-response experiment; 
doses of 3, 5 and 8 Gy, at a dose rate of 0.5, 1 and 2 Gy/min 
were used to investigate the effect of various dose rates. 
Irradiated AHH‑1 cells were incubated at 37˚C for 8‑168 h 
prior to further analysis.

Peripheral blood samples (20 ml) were collected from each 
subject via venipuncture into Vacutainers (BD Biosciences, 
Franklin Lakes, NJ, USA). A total of 5 different radiation 
doses were used (0, 1, 3, 5 and 8 Gy). Blood samples were 
divided into five plastic centrifuge tubes, one tube per dose 
group, and irradiated with a single dose of 60Co γ-rays at a dose 
rate of 1 Gy/min. Following irradiation, blood samples were 
incubated at 37˚C for 4‑72 h in RPMI‑1640 medium of equal 
volume, supplemented with 10% FBS.

Neutron irradiation was performed at the General Hospital 
of Armed Police Forces (Beijing, China), using a 252Cf neutron 
source. AHH-1 cells were irradiated with 0, 0.4, 0.8, 1.2 
and 1.6 Gy, at dose-rate of 0.073 Gy/min. The dose-rate was 
calibrated using a tissue-equivalent ionizing chamber prior to 
irradiation. The homogeneous irradiation field was 10x10 cm; 
the samples were placed within a 5 cm-radius circle and the 
uncertainty of the calibration was 3%. Irradiated AHH-1 cells 
were incubated at 37˚C for 48 h prior to further analysis.

Reverse transcription‑qPCR (RT‑qPCR). Total RNA 
was extracted from AHH-1 cells using TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) and reverse 
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transcribed into cDNA using a Reverse Transcription system 
kit (Promega Corporation, Madison, WI, USA), according 
to the manufacturer's protocol. Individual PCR reactions 
were carried out in 20 µl samples in a 96-well plate (Applied 
Biosystems™; Thermo Fisher Scientific, Inc.), containing 0.5 µl 
of each forward and reverse primer (10 µM each), 2 µl cDNA, 
7 µl distilled water and 10 µl 2X SYBR-Green PCR Master 
Mix (Applied Biosystems™; Thermo Fisher Scientific, Inc.). 
qPCR was performed using the 7500 Fast Real-Time PCR 
System (Applied Biosystems™; Thermo Fisher Scientific, Inc.). 
Amplification was performed under the following conditions: 
Initial cycle at 95˚C for 10 min, followed by 40 cycles at 95˚C 
for 15 sec and at 60˚C for 1 min. The following primers were 
used: GDF‑15, forward 5'-GTT AGC CAA AGA CTG CCA 
CTG-3', reverse 5'-CCT TGA GCC CAT TCC ACA-3'; and 
β‑actin, forward 5'‑ACT TAG TTG CGT TAC ACC CTT 
TCT-3' and reverse 5'-GAC TGC TGT CAC CTT CAC CGT-3'. 
The relative expression levels for each gene were normalized 
to β-actin and analyzed using the 2-∆∆Cq method (41) with the 
7500 Sequence Detection software. Each group, composed 
of three parallel samples, was analyzed after irradiation. All 
experiments were performed three times.

Lymphocytes were isolated from human blood samples 
using Ficoll-Paque PLUS (GE Healthcare Life Sciences, 
Chalfont, UK), according to the manufacturer's protocol. 
Total RNA was extracted from HPBLs using TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) and reverse 
transcribed into cDNA using a Reverse Transcription system 
kit (Promega Corporation), according to the manufacturer's 
protocol. qPCR was performed on cDNA using a TaqMan® 
MGB probe (Thermo Fisher Scientific, Inc.). PCR was 
performed using a standard curve established using 10-fold 
successively diluted known copy numbers of a GDF‑15 stan-
dard. The standard was prepared from the pUC57 plasmid 
containing GDF‑15 cDNA (Thermo Fisher Scientific, Inc.). 
The plasmid was quantified based on the cDNA concentra-
tion determined using UV spectroscopy; stock solutions were 
prepared in Tris-EDTA buffer that ranged in concentration 
between 102 and 108 cDNA copies/µl. A standard cDNA 
curve for the range of 102-108 cDNA copies per reaction was 
generated by analyzing 2 µl of each dilution in triplicate using 
a TaqMan® MGB probe. The oligonucleotide primers for 
GDF‑15 and thermocycling conditions for qPCR were as afore-
mentioned. Individual PCR reactions were carried out in 20 µl 
samples in a 96-well plate containing GDF‑15 primers, 2 µl 
cDNA, 7 µl distilled water and 1 µl TaqMan® Gene Expression 
Master Mix (Applied Biosystems™; Thermo Fisher Scientific, 
Inc.). mRNA expression levels (mRNA copy numbers/µl) were 
calculated based on the standard curve. Each group, composed 
of three parallel samples, was analyzed after the irradiation. 
All experiments were performed three times.

Western blot analysis. AHH-1 cells were washed with PBS, 
lysed in lysis buffer containing 50 mM Tris-HCl (pH 7.4), 
150 mM NaCl, 1 mM EDTA, 1% NP-40 and 10 µg/ml 
protein inhibitor (Roche Diagnostics, Basel, Switzerland), and 
centrifuged for 20 min at 5,000 x g and 4˚C. Supernatants were 
collected and protein concentrations were determined using the 
bicinchoninic acid method. Equal amounts of extracted protein 
(50 µg) were separated by 12% SDS-PAGE and transferred 

onto nitrocellulose membranes (GE Healthcare Life Sciences, 
Shanghai, China). Membranes were blocked for 1 h with TBS 
containing 0.05% Tween-20 (TBST) with 5% non-fat dry 
milk at room temperature. Subsequently, membranes were 
incubated at 4˚C overnight with rabbit polyclonal anti‑GDF‑15 
(cat. no. BS3872; 1:500; Biogot Technology Co., Ltd., Nanjing, 
China) and mouse monoclonal anti-β-actin (cat. no. SC-47778; 
1:1,000; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) 
primary antibodies. Membranes were washed three times 
with TBST prior to incubation for 2 h with horseradish 
peroxidase-conjugated anti-rabbit IgG (cat. no. ZB-5301; 
1:5,000; Beijing Zhongshan Golden Bridge Biotechnology Co., 
Ltd., Beijing, China) and horseradish peroxidase-conjugated 
anti-mouse IgG (cat. no. ZB-2305; 1:5,000; Beijing Zhongshan 
Golden Bridge Biotechnology Co., Ltd.) secondary antibodies 
at 37˚C. Protein bands were visualized using an Enhanced 
Chemiluminescence kit (GE Healthcare Life Sciences), 
according to the manufacturer's protocol, and analyzed using 
the ChemiDoc™ XRS+system (Bio-Rad Laboratories, Inc., 
Hercules, CA, USA). The scanned films were semi‑quantified 
using the UVP EC3 Imaging system (UVP, Inc., Upland, CA, 
USA). GDF-15 protein levels were normalized to β-actin, 
which was used as the loading control.

Statistical analysis. Statistical analysis was performed using 
the SPSS software version 16.0 (SPSS Inc., Chicago, IL, USA). 
The statistical significance of the difference between groups 
was assessed by one-way analysis of variance (ANOVA). 
Least significant difference and Student‑Newman‑Keuls tests 
were used to compare individual groups following ANOVA. 
A χ2 test was used to compare differences in gene expression 
levels between sexes and among age groups of healthy 
adults. A linear regression method was used to establish the 
dose-response equation. ANOVA was used to analyze the 
significance of the equation of the dose‑response regression 
curve. Results are presented as the mean+standard error of 
the mean. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Exposure to γ‑rays alters GDF‑15 mRNA expression levels 
in AHH‑1 cells. Dose-dependent alterations in GDF‑15 
mRNA expression levels of irradiated AHH-1 cells were 
assessed using RT-qPCR at 8, 12, 24, 48, 72, 120 and 168 h 
after exposure to 0, 1, 3, 5, 8 and 10 Gy of γ radiation. The 
results demonstrated that GDF‑15 mRNA expression levels 
were significantly upregulated in a dose‑dependent manner at 
8-120 h following γ-ray exposure (P<0.05; Fig. 1A). γ irradia-
tion appeared to reach its maximum effect (~14-fold increase 
compared with the control group) at 10 Gy and 12 h post-irra-
diation. The dose-response curves describing the relationship 
between radiation dose and GDF‑15 relative expression levels 
between 8 and 120 h post‑exposure were fitted to a linear 
model (P<0.05; Table I). No dose-response relationship was 
apparent at 168 h post-irradiation.

To investigate the association between the radiation dose 
rate and GDF‑15 mRNA expression levels, AHH-1 cells were 
irradiated with 3, 5 and 8 Gy of 60Co γ-rays at dose rates of 
0.5, 1 and 2 Gy/min. GDF‑15 mRNA expression levels were 
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assessed 48 h following γ-ray exposure. The present results 
suggested that GDF‑15 expression depended on the radiation 
dose, regardless of the dose rate (Fig. 1B).

Exposure to γ‑rays alters GDF‑15 protein expression levels in 
AHH‑1 cells. GDF-15 protein expression levels in AHH-1 cells 
were assessed using western blot analysis at 8, 12, 24 and 
48 h after exposure to 0, 1, 3, 5, 8 and 10 Gy γ-rays. GDF-15 
protein expression levels were significantly upregulated in a 
dose-dependent manner within a dose range of 1-8 Gy, 8-48 h 
following irradiation (P<0.05; Fig. 2). γ irradiation appeared 
to reach its maximum effect (~8-fold increase compared with 
the control group) at 8 Gy and 12 h post-irradiation. The 
dose-response curves describing the relationship between 
radiation dose and GDF-15 protein expression levels between 
12 and 48 h following exposure were fitted to a linear model 
(P<0.05; Table II). No dose-response relationship was apparent 
at 8 and 72 h post-irradiation.

Exposure to neutron radiation alters GDF‑15 mRNA and 
protein expression levels in AHH‑1 cells. Alterations in 
GDF‑15 gene expression in AHH-1 cells were assessed 
using RT-qPCR, 48 h following exposure to 0, 0.4, 0.8 and 
1.6 Gy of 252Cf neutron radiation. GDF‑15 mRNA expression 
levels were significantly upregulated in a dose-dependent 
manner 48 h following irradiation (P<0.05; Fig. 3A). Neutron 

irradiation appeared to reach its maximum effect (~12-fold 
increase compared with the control group) at 1.6 Gy. The 
fitted dose‑response curve describing the relationship between 
radiation dose and GDF‑15 mRNA expression levels followed 
a quadratic model, described by the following equation: 
y=4.85x2-1.80x+1.35 (R2=0.9769, P<0.05), where y represents 
the GDF‑15 mRNA expression levels induced (fold change) by 
x Gy of neutron radiation.

GDF-15 protein expression levels were assessed in 
AHH-1 cells using western blot analysis 48 h following expo-
sure to 0-1.6 Gy of neutron radiation. GDF-15 protein levels 
were significantly increased in a dose-dependent manner 
(P<0.05; Fig. 3B). Neutron irradiation appeared to reach 
its maximum effect (~4-fold increase compared with the 
control group) at 1.6 Gy. The dose-response curve describing 
the relationship between radiation dose and GDF-15 protein 
expression levels followed a linear model, described by the 
following equation: y=2.11x+1.15 (R2=0.954, P<0.05), where y 
represents the GDF-15 protein expression levels induced by x 
Gy of neutron radiation.

Figure 1. Exposure to γ-rays altered GDF‑15 mRNA expression levels in 
AHH-1 cells. (A) AHH-1 cells were irradiated with 0-10 Gy 60Co γ-rays 
at a dose rate of 1 Gy/min. Cells were collected for analysis 8-168 h 
post-irradiation. Relative GDF‑15 mRNA expression levels were assessed 
using RT-qPCR. GDF‑15 mRNA expression levels were significantly 
upregulated 8-120 h following irradiation compared with the control group 
(0 Gy). (B) AHH-1 cells were irradiated with 3, 5 or 8 Gy of 60Co γ-rays 
at a dose-rate of 0.5, 1 and 2 Gy/min. Cells were collected for analysis 
48 h post-irradiation. Relative GDF‑15 mRNA expression levels were 
assessed using RT-qPCR. Alterations in GDF‑15 expression depended 
on radiation dose, regardless of the dose rate. Data are expressed as the 
mean ± standard error of the mean of three independent experiments. *P<0.05 
vs. 0 Gy group. GDF, growth/differentiation factor; RT-qPCR, reverse 
transcription-quantitative polymerase chain reaction.

Table I. Equations describing the dose-response relationship 
between the absorbed dose (0-10 Gy) of 60Co γ-rays (dose rate, 
1 Gy/min) and GDF‑15 mRNA expression levels in AHH-1 
cells.

Time post- Dose-response 
irradiation (h) equation R2

    8 y=0.62x+2.75 0.728
  12 y=1.31x+0.54 0.963
  24 y=0.63x+0.92 0.954
  48 y=0.96x+1.77 0.978
  72 y=1.09x+1.59 0.970
120 y=0.48x+0.65 0.914

y, relative GDF‑15 mRNA expression level (fold change); x, absorbed 
dose (Gy). GDF, growth/differentiation factor.

Table II. Equations describing the dose-response relationship 
between the absorbed dose (0-10 Gy) of 60Co γ-rays (dose rate, 
1 Gy/min) and GDF-15 protein expression levels in AHH-1 
cells.

Time post- Dose-response 
irradiation (h) equation R2

    8 - -
  12 y=1.81x-0.34 0.959
  24 y=0.43x+0.53 0.962
  48 y=0.33x+0.85 0.926
  72 - -
120 - -

y, relative GDF-15 protein expression level (fold change); x, absorbed 
dose (Gy). GDF, growth/differentiation factor.
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Baseline GDF‑15 mRNA expression levels in peripheral blood 
samples from healthy adults. To investigate the baseline levels 
of GDF‑15 gene expression in the general population, GDF‑15 
mRNA levels (mRNA copy number per µl) were assessed 
in peripheral blood samples, obtained from 73 healthy adult 
donors. The present results demonstrated that GDF‑15 mRNA 
expression levels in males were not significantly different 
compared with in females (Fig. 4A). In addition, no significant 
differences in GDF‑15 mRNA expression levels were revealed 
among different age groups; however, an increasing trend 
was observed within the 20-50 age range (Fig. 4B). The mean 

Figure 2. Exposure to γ-rays altered GDF-15 protein expression levels in AHH-1 cells. AHH-1 cells were irradiated with 0-10 Gy of 60Co γ-rays at a dose 
rate of 1 Gy/min. Cells were collected for western blot analysis 8-72 h post-irradiation. (A) Representative blots demonstrating alterations in GDF-15 protein 
expression levels. (B) Semi‑quantification of western blot analysis results, normalized to β‑actin. Relative GDF‑15 protein expression levels were significantly 
upregulated following irradiation compared with the control group (0 Gy). Data are expressed as the mean ± standard error of the mean of three independent 
experiments. *P<0.05 vs. 0 Gy group. GDF, growth/differentiation factor.

Figure 3. Exposure to neutron radiation altered GDF-15 mRNA and protein 
expression levels in AHH-1 cells. AHH-1 cells were irradiated with 0-1.6 Gy 
of 252Cf neutron radiation at a dose rate of 0.073 Gy/min. (A) GDF‑15 
mRNA expression levels were significantly upregulated 48 h following 
irradiation compared with the control group (0 Gy). (B) Representative blot 
demonstrating alterations in GDF-15 protein expression levels. GDF-15 
protein expression levels were visibly increased 48 h following irradiation 
compared with the control group (0 Gy). GDF-15 protein expression levels 
were normalized to β-actin. Data are expressed as the mean ± standard error 
of the mean of three independent experiments. *P<0.05 vs. 0 Gy group. GDF, 
growth/differentiation factor.

Figure 4. GDF‑15 mRNA levels in peripheral blood samples of 73 healthy 
adult donors. (A) GDF‑15 mRNA expression levels (mRNA copy 
numbers per µl) in males were not significantly different compared with 
in females. (B) No significant differences in GDF‑15 mRNA expression 
levels were revealed among different age groups; however, an increasing 
trend was observed within the 20-50 age range. Data are expressed as the 
mean ± standard error of the mean of three independent experiments. GDF, 
growth/differentiation factor.
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GDF‑15 mRNA copy number was calculated and revealed to 
be 2573.3±2006.9 per µl.

Exposure to γ‑rays alters GDF‑15 mRNA expression levels in 
HPBLs. Radiation-induced alterations in GDF‑15 gene expres-
sion were investigated in human peripheral blood samples 
obtained from three healthy donors. Samples were analyzed 
4, 8, 12, 24, 48 and 72 h following ex vivo irradiation with 0, 
1, 3, 5 and 8 Gy of γ-rays. HPBLs were isolated and GDF‑15 
mRNA copy numbers were assessed with no significant 
differences among the three donors at each radiation dose. 
GDF‑15 mRNA copy numbers were significantly upregulated 
in a dose-dependent manner at 4-48 h following γ-ray expo-
sure (P<0.05; Fig. 5). The dose-response curves describing 
the relationship between radiation dose and GDF‑15 mRNA 
expression levels at different time-points were fitted to a 
linear model (P<0.05; Table III). At 72 h following irradiation, 
GDF‑15 mRNA copy numbers were significantly upregulated; 
however, no dose-response relationship was apparent (P>0.05).

Discussion

Radiation-responsive genes, which exhibit alterations in their 
expression in response to radiation exposure, may have poten-
tial as biomarkers for the evaluation of the dose of absorbed 
radiation. Therefore, a reproducible dose-response relation-
ship should be established between the absorbed dose and the 
effect on gene expression. Previous studies have suggested that 
alterations in the expression of GADD45, CDKN1A and PCNA 
induced by ionizing radiation are time- and dose-dependent in 
human cell lines, HPBLs (3,6,17,29) and mice (8); however, the 
time- and dose-response relationship is not consistent among 
different genes, forms of radiation and cell types. GDF-15 is 
a member of the tumor growth factor-β superfamily and a 
downstream target of p53 (42), and serves important roles in 
human diseases, such as cardiomyopathy (43). Previous studies 
have suggested that the GDF‑15 gene may participate in 
γ‑ray‑induced DNA damage, as microarray analysis identified 
GDF‑15 as a radiation-responsive gene (19,34,36,39).

The present study demonstrated that GDF-15 mRNA and 
protein expression levels in AHH-1 cells were upregulated in a 

dose-dependent manner by 1-10 Gy of γ-rays, within 8-120 and 
8-48 h following irradiation, respectively. In addition, HPBLs 
exposed to 1-8 Gy of γ-rays also exhibited a dose-dependent 
increase in GDF‑15 mRNA copy number at 4-48 h post-irra-
diation. To the best of our knowledge, this is the first study that 
has demonstrated that radiation-induced alterations in GDF‑15 
expression in AHH-1 cells and HPBLs consistently follow a 
dose-response relationship within a wide range of doses and 
post‑exposure time points. The present findings are consistent 
with previous studies on radiation-induced alterations in the 
expression of other genes, including GADD45, CDKN1A and 
p53-inducible gene 3 (PIG3) (3,6,18,39). Furthermore, GDF‑15 
baseline mRNA copy number appeared to be lower, and the 
time-frame for detection of radiation-induced alterations in 
GDF‑15 expression appeared to be longer compared with PIG3, 
which was investigated in our previous study (39). Therefore, 
alterations in GDF‑15 expression may have potential as a novel 
radiation biomarker.

Alterations in GDF-15 mRNA and protein expression levels 
in AHH-1 cells were observed up to 120 and 48 h following 
γ-ray exposure, respectively. When GDF‑15 mRNA expres-
sion was analyzed, the alterations in gene expression appeared 
to be lower at 120 h post-irradiation compared with other time 
points, which may be associated with longer cell culture time 
and cell growth status following exposure. The differences in 
the duration of the effects of radiation on GDF-15 mRNA and 
protein may be due to the gene expression regulation, which 
is characterized by extensive inter-correlations between the 
rates of transcription, translation and protein degradation. 
The changes in protein levels depend on the mRNA concen-
tration, translation efficiency and degradation of the existing 
protein (44). Therefore, different dose-response curves should 
be used according to the time period after irradiation to esti-
mate an appropriate dose of radiation.

It has previously been demonstrated that radiation-induced 
chromosomal abnormalities in human lymphocytes depend on 
the radiation dose rate (45). Notably, in the present study, radia-
tion-induced alterations in GDF‑15 gene expression in AHH-1 
cells were not modulated by the dose rate (0.5-2 Gy/min) of 
γ-rays, within a dose range of 3-8 Gy. Further studies, using a 

Figure 5. Exposure to γ-rays altered GDF‑15 mRNA expression levels in 
HPBLs from three healthy adult donors. HPBLs were irradiated with 1-8 Gy 
of 60Co γ-rays at a dose rate of 1 Gy/min. Cells were collected for analysis 
4-72 h post-irradiation. GDF‑15 mRNA expression levels (mRNA copy 
number per µl) were significantly upregulated in a dose‑dependent manner 
4-48 h following irradiation compared with the control group (0 Gy). Data 
are expressed as the mean ± standard error of the mean of three independent 
experiments. *P<0.05 vs. 0 Gy group. GDF, growth/differentiation factor; 
HPBL, human peripheral blood lymphocyte.

Table III. Equations describing the dose-response relationship 
between the absorbed dose (0-8 Gy) of 60Co γ-rays (dose rate, 
1 Gy/min) and GDF‑15 mRNA expression levels in human 
peripheral blood lymphocytes.

Time post- Dose-response 
irradiation (h) equation R2

  4 y=7,510x+23,380 0.797
  8 y=27,480x+47,200 0.970
12 y=14,786x+75,212 0.851
24 y=14,210x+79,197 0.955
48 y=28,707x+72,207 0.899

y, number of GDF‑15 mRNA copies/µl; x, absorbed dose (Gy); GDF, 
growth/differentiation factor.
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wider range of dose rates, are required to elucidate the effect 
of the dose rate on GDF‑15 gene expression.

It has previously been reported that alterations in GDF‑15 
gene expression in human pulmonary epithelial cells were 
dose- and time-dependent, following exposure to α-particle 
radiation (19). In accordance with a previous study (34), 
the present results demonstrated that GDF‑15 expression 
was altered by γ-rays and neutron radiation. These results 
suggested that GDF‑15 expression may have potential as a 
radiation biomarker, and may be used in the development of 
radiation-induced gene expression signatures for use in biodo-
simetry (45). In the present study, dose-response relationships 
were also established between GDF‑15 mRNA and protein 
expression levels and the dose of neutron radiation, within 48 h 
after exposure. A previous study reported that chromosomal 
aberrations induced by high-linear energy transfer (LET) 
radiation conformed to a linear relationship (46). Conversely, 
in the present study, the dose-response curve describing 
neutron-induced alterations in GDF‑15 expression conformed 
to a quadratic model.

In addition, the expression changes of GDF-15 mRNA 
and protein in AHH-1 cells induced by 1 Gy γ-rays at 48 h 
post-irradiated were increased by approximately three-fold and 
two-fold, respectively. For the neutron exposed AHH-1 cells, 
the expression levels of GDF-15 mRNA and protein following 
exposure to 1.2 Gy at 48 h were elevated to approximately 
four-fold and three-fold, respectively. This difference between 
γ-ray- and neutron-induced changes of GDF‑15 mRNA and 
protein expression may be caused by the different radiation 
qualities. High-LET radiations such as neutron are highly toxic 
and exert a complex effect on the genomic integrity of cells, 
which may lead to more severe biological damage compared 
with that of γ-rays (17).

The present study also investigated the expression of 
GDF‑15 in healthy adults. GDF‑15 mRNA copy number did 
not differ significantly between sexes, or among age groups. 
These results indicated the consistency in GDF‑15 expression, 
which is an essential characteristic for a potential biomarker of 
radiation exposure.

Alterations in GDF‑15 expression induced by 60Co 
γ-rays were observed for up to 120 h following exposure in 
AHH-1 cells, and 72 h in HPBLs. This difference may be 
attributed to a difference in radiation sensitivity between the 
two cell types. In a previous study, AHH-1 cells were irradiated 
during the exponential growth phase, whereas HPBLs were in 
non-cycling (G0 cell cycle phase), and DNA repair capabilities 
differed between proliferating and non-proliferating cells (39). 
The present results suggested that dose-dependent alterations 
in GDF‑15 expression could be observed within a limited 
time frame in HPBLs, and this may prove to be a limitation in 
future applications. Further studies, using larger sample sizes, 
are required to elucidate the relationship between the radiation 
dose and alterations in GDF‑15 expression.

In conclusion, the present study demonstrated that time- 
and dose-dependent alterations were induced in GDF-15 
mRNA and protein expression levels in AHH-1 cells by 
γ-rays and neutron radiation. In addition, GDF‑15 mRNA 
expression levels in HPBLs isolated from healthy adults did 
not differ with age or sex. Furthermore, alterations in GDF‑15 
mRNA expression levels in HPBLs induced by γ-rays were 

revealed to be dose-dependent. These results suggested that 
the GDF‑15 gene in HPBLs may have potential as a biomarker 
to evaluate radiation exposure. Further studies, using a larger 
number of human blood samples, are required to investigate 
the radiation-induced alterations in GDF‑15 expression.
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