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Abstract. The aim of the present study was to investigate 
the ultrastructural damage and the expression of heat shock 
protein 70  (HSP70) in the rat adenohypophysis following 
pulsed electromagnetic wave (PEMW) exposure. The rats 
were randomly divided into four groups: Sham PEMW 
exposure, 1x104 pulses of PEMW exposure, 1x105 pulses of 
PEMW exposure and 3x105 pulses of PEMW exposure. Whole 
body radiation of 1x104 pulses, 1x105 pulses and 3x105 pulses 
of PEMW were delivered with a field strength of 100 kV/m. 
The rats in each group (n=6 in each) were sacrificed 12, 24, 
48 and 96 h after PEMW exposure. Transmission electron 
microscopy was then used to detect the ultrastructural changes 
and immunocytochemistry was used to examine the expres-
sion of HSP70. Cellular damage, including mitochondrial 
vacuolation occurred as early as 12 h after PEMW exposure.

More severe cellular damages, including cell degeneration 
and necrosis, occurred 24 and 48 h after PEMW exposure. 
The PEMW‑induced cellular damage increased as the number 
of PEMW pulses increased. In addition, the expression of 
HSP70 significantly increased following PEMW exposure 
and peaked after 12 h. These findings suggested that PEMW 
induced ultrastructural damages in the rat adenohypophysis 
and that HSP70 may have contributed to the PEMW-induced 
adenohypophyseal damage.

Introduction

With the increased use of electronic appliances in daily life and 
in industrial applications, the electromagnetic radiation from 
electronic appliances has become a major source of environ-
mental pollution (1). In addition, the use of the electromagnetic 
pulse bomb (EPB) has raised health concerns, including the 
health protection of employees working with EPB and elec-
tromagnetic pollution in areas exposed to EPB (2). Pulsed 
electromagnetic waves (PEMW) are nanosecond and sub-
nanosecond high‑voltage pulses (3). It has been observed that 
PEMW have various effects on biological systems (4‑12). The 
effects of PEMW on biological systems are determined by the 
amplitude or field strength and the pulse width and the effects 
of PEMW on cells are nonlinear, transient and unstable (13). 
The endocrine system is one of the most EMW‑sensitive 
systems (5,6,12,14,15) and, as one of the most important endo-
crine organs, the pituitary gland is essential for physiological 
functions in humans. However, the effect of PEMW on the 
pituitary gland remains to be elucidated.

The pituitary gland is important in the growth, develop-
ment and normal physiological functions of the body due to 
its secretion of several hormones (16). There are five types of 
endocrine cell, including somatotrophs, lactotrophs, cortico-
trophs, gonadotrophs and thyrotrophs, which secrete seven 
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hormones regulating their targets, the thyroid gland, adrenal 
glands and gonads (16). Therefore, damage to the pituitary 
can affect the normal functions of the body, thus leading to 
pathological abnormalities. However, morphological changes, 
particularly ultrastructural changes, in the pituitary following 
PEMW exposure remain to be elucidated.

In the present study, the ultrastructural changes and the 
expression of HSP70 was investigated in the adenohypophysis 
(the anterior pituitary) from rats receiving 1x104, 1x105 and 
3x105 pulses of PEMW with a field strength of 100 kV/m.

Materials and methods

Animals and irradiation. All animal experimental procedures 
were approved by the Committee for Animal Experiments 
at The Fourth Military Medical University (Xi'an, China). 
Six‑week‑old male Sprague Dawley rats (weighing 200±20 g) 
were used in the present study. All animals were obtained 
from the Animal Center at the Fourth Military Medical 
University. The rats were housed at 20‑25˚C and 40‑60% 
relative humidity and were maintained with food and water 
ad libitum for 1 week prior to PEMW exposure.

The rats were randomly divided into four groups: PEMW 
sham exposure group and groups receiving 1x104, 1x105 and 
3x105 pulses of PEMW exposure. Each group contained 
24 rats. The 24 rats in each group were sacrificed 12, 24, 48 
and 96 h (n=6 in each) after PEMW exposure. The rats were 
placed into a plexiglass cage (Wuxi Jiarunfeng Science and 
Technology Co., Ltd, Jiangsu, China) , where the rats were 
comfortably housed. The exposure cage was placed seven 
meters from the radiation source. Whole body radiation of 
1x104 , 1x105 and 3x105 pulses of PEMW were delivered with 
a field strength of 100 kV/m. For the PEMW sham exposure 
group, the rats were treated under the same conditions, but 
without PEMF exposure.

Tissue preparation. The rats were anesthetized with 
1% sodium pentobarbital (50 mg/kg; Sigma‑Aldrich, Shanghai, 
China) 12, 24, 48 and 96 h after PEMW exposure and were 
transcardially perfused with ice‑cold 4% paraformaldehyde 
for 1 h. For electron microscopy, the pituitary tissues were 
excised and cut into 1 mm3 blocks. The blocks were fixed with 
3% glutaraldehyde and post‑fixed with 1% osmium tetroxide, 
followed by washing in 0.1 mol/l phosphate‑buffered saline 
(PBS; pH 7.6). The blocks were dehydrated using graded 
concentrations of acetone, filtered with acetone and embed-
ding medium (Sigma‑Aldrich) and then embedded in epoxy 
resin. Ultrathin sections (70 nm) were obtained using a Leica 
Ultracut UCT microtome (Leica, Mannheim, Germany). The 
sections were viewed using a JEOL JEM 1400 transmission 
electron microscope equipped with a Gatan ORIUS™ TEM 
CCD camera (Nippon Gatan, Tokyo, Japan). For immunocy-
tochemistry, the pituitary tissues were excised and soaked in 
20% sucrose in PBS at 4˚C overnight. Sections (15 µm) were 
obtained using a Leica CM3050S cryostat (Leica) and were 
stored at ‑20˚C for subsequent immunocytochemical analysis.

Immunocytochemistry. Sections (15  µm) were washed in 
0.1  M PBS and treated with 0.3% hydrogen peroxide in 
100% methanol for 30 min at room temperature, followed by 

washing with PBS. The sections were blocked using 5% bovine 
serum albumin for 20 min at room temperature and then incu-
bated with primary antibodies against HSP70 (rabbit anti‑rat 
antibodies; 1:200; Abcam, Shanghai, China) overnight at 4˚C. 
The primary antibody was then washed three times using PBS 
for 5 min and biotinalyted goat anti‑rabbit immunoglobulin 
G  (Vector Laboratories, Inc., Burlingame, CA, USA) was 
applied for 20 min at room temperature and was then reacted 
with horseradish peroxidase conjugated streptavidin (Vector 
Laboratories, Inc.) for 2 h. The sections were then developed 
using diaminobenzidine (Sigma‑Aldrich) and were mounted 
onto gelatinized glass slides, which were dehydrated using 
graded ethanol solutions prior to mounting under coverslips. 
Sections, in which the primary antibodies were omitted, were 
used as negative controls.

Five sections were selected from each rat. The distal section 
of the pituitary gland was divided into four regions (Fig. 1), as 
previously reported (17). Since region A, adjacent to the neuro-
hypophysis, was easily located under a light microscope, three 
fields were randomly selected, without overlaps, in region A at 
low magnification (x10) for each section. At high magnifica-
tion (x40), the immunopositive cells in region A were counted 
and the percentage of positive cells and intensity of immuno-
reactivity were analyzed using Leica Quantimet quantitative 
analysis software (570C; Leica).

Statistical analysis. All statistical analyses were performed 
using SPSS 11.0 (SPSS, Inc., Chicago, IL, USA). The values 
are expressed as the mean±standard deviation. One‑way anal-
ysis of variance was used to compare the differences among 
the groups. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Ultrastructural changes induced by PEMW. PEMW did not 
induce any clear morphological changes in the pituitary cells, 
stromal cells or their surrounding tissues when examined 
under a light microscope. Therefore, electron microscopy 
was used in the present study to investigate the ultrastructure 
of pituitary glands in rats treated with PEMW. Based on the 
characteristic cellular morphology and the distinguished size 
and morphology of secretory granules in the adenohypophysis, 
the somatotrophs, lactotrophs, corticotrophs, gonadotrophs 
and thyrotrophs were distinguished from each other using 
electron microscopy. In the PEMW sham exposure group, no 
changes in the intracellular organelles or secretory granules 
in these cells were identified in the adenohypophysis. By 
contrast, PEMW exposure induced ultrastructural damage 
in the adenohypophysis from rats following 3x105 pulse 
PEMW exposure (Fig. 2). After 12 h exposure, intercellular 
gaps between the pituitary cells and their surrounding tissues 
were increased and capillary congestion was evident. Swollen 
mitochondria with enlarged and broken cristae were found 
in the somatotrophs (Fig. 2A) and vacuolated mitochondria 
with broken cristae were frequently observed in the cortico-
trophs (Fig. 2B). Similar ultrastructural abnormalities in the 
mitochondria, were also observed in other types of pituitary 
cell, although to a lesser extent.
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After 24 h PEMW exposure, there was frequent depletion 
of secretory granules in the cells. Vacuolated mitochon-
dria with abnormal membranous structure and enlarged 
rough endoplasmic reticulum (RER) were observed in the 
lactotrophs  (Fig.  2C). Swollen mitochondria, vacuolated 
mitochondria with a myelin‑like structure, which had the 
appearance of a concentric circle, were also found in mito-
chondria in the gonadotrophs (Fig. 2D). In addition, enlarged 
Golgi complexes were present in the somatotrophs and vacu-
olated mitochondria with broken cristae were observed in the 
corticotrophs and thyrotrophs.

After 48 h PEMW exposure, marked infiltration of inflam-
matory cells and severe cell swelling were identified in the 
pituitary tissue. Bulky heterochromatins were accumulated 
close to the nuclear membrane in the somatotrophs (Fig. 2E) 
and myelin‑like structures in the mitochondria and enlarged 
Golgi complexes were observed in the lactotrophs (Fig. 2F). 
In addition, enlarged and dilated RER were present in the 
gonadotrophs. Cell degeneration, pyknosis and increased 
intracellular gaps were also found in the thyrotrophs and more 
vacuolated mitochondria were found in the corticotrophs.

After 96 h PEMW exposure, interstitial edema and vascular 
congestion remained, however the morphology of the cells in 
the adenohypophysis had recovered almost to normal.

The present study also investigated ultrastructural changes 
in the adenohypophysis 24 h after 1x104, 1x105 and 3x105 

pulses of PEMW. After 24 h following the 1x104 pulses of 
PEMW exposure, mild injury to the vascular endothelia and 
platelet aggregation was observed. A depletion in secretory 
granules and enlarged RER were observed in a number of 
lactotrophs (Fig.  2G) and mild enlargement of RER and 
mitochondrial vacuolation had occurred in the somatotrophs 
(Fig. 2H). After 24 h following the 1x105 pulses of PEMW 
exposure, mitochondrial swelling and vacuolation was more 
prevalent in these pituitary cells. Clearly enlarged RER and 
vacuolated mitochondria were observed in the somatotrophs 
and thyrotrophs. Accumulation of heterochromatins close 
to the nuclear membrane was observed in the somatotrophs 
(Fig. 2I) and increased Golgi vesicles were identified in the 
thyrotrophs (Fig. 2J). In addition, enlarged RER and vacu-
olated mitochondria were also found in the somatotrophs and 
thyrotrophs. After 24 h following the 3x105 pulses of PEMW 
exposure, more severe ultrastructural damage was observed 
in the pituitary cells. Marked inflammatory cell infiltration 
and severe cell swelling were identified and mitochondrial 
swelling and vacuolation was observed throughout the cells. 
Disruption of the mitochondrial membrane was observed in 
the lactotrophs (Fig. 2C) and in the gonadotrophs (Fig. 2D).

Expression of HSP70 following PEMW exposure. The present 
study further investigated the expression of the HSP70 protein 
12, 24, 48 and 96 h after 3x105 pulses of PEMW exposure 
using immunocytochemistry. In the sham exposure group, 
HSP70 immunopositive cells were diffusely distributed with 
a weak brownish staining in the cytoplasm and little nuclear 
immunoreactivity was observed (Fig. 3A). After12 h following 
the 3x105 pulses of PEMW exposure, the percentage of HSP70 
immunopositive cells was significantly increased (P<0.01) 
and the intensity of the immunoreactivity was increased 
significantly (P<0.05) compared with the PEMW sham expo-
sure group (Table I). The majority of the immunoreactivity 
was observed in the nuclei, which exhibited dark staining 
(Fig. 3B). The nuclear immunoreactivity started to decrease 
24 h after 3x105 pulses of PEMW exposure and remained at 
a significantly higher level 48 h after 3x105 pulses of PEMW 
exposure (Fig. 3C). The percentage of HSP70 immunopositive 
cells were significantly higher and the intensity of the immu-
noreactivity was increased significantly 24 and 48 h after 3x105 
pulses of PEMW exposure compared with the sham exposure 
group (Table I). After 96 h following 3x105 pulses of PEMW 
exposure, the percentage of immunopositive cells decreased 
significantly, however it remained higher compared with the 
that in the sham control group (Fig. 3D). The percentage of 
HSP70 immunopositive cells were significantly lower 24, 48 
and 96 h after 3x105 pulses of PEMW exposure compared 
with that observed 12 h after 3x105 pulses of PEMW expo-
sure (P<0.01; Table I).

Discussion

In the present study, ultrastructural changes in the adenohy-
pophysis from rats receiving 1x104, 1x105 and 3x105 pulses 
of PEMW, were investigated using transmission electron 
microscopy. The results revealed that PEMW induced 
adenohypophysal damage in the mitochondria, endoplasmic 
reticulum (ER) and chromatin. PEMW with a higher number 

Figure 1. Schematic of the structure of the rat pituitary. The pars distalis (PD) 
was divided into areas A‑D. PN, neurohypophysis; PI, intermediate lobe.

Table  I. Heat shock protein 70 immunoreactivity following 
3x105 pulses of pulsed electromagnetic wave exposure.

Time (h)
following	 Immunopositive	 Immunoreactivity
exposure	 cells (%)	 intensity

  0	 0.02±0.00	 164.67±1.42
12	 0.49±0.15a 	 184.50±21.74a

24	 0.16±0.08ab	 175.90±5.76
48	 0.14±0.04ab	 169.77±4.01
96	 0.08±0.04b	 173.57±1.72

aP<0.05, vs. control; bP<0.01, vs. 12 h; n=6 in each group.
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of pulses produced more severe damage in the adenohypoph-
ysis compared with the PEWM with a lower pulse. In addition, 
the expression of HSP70 was increased significantly following 
PEMW exposure and reached its peak 12 h following PEMW 
exposure. Since the HSP70 protein is upregulated in response 
to stress stimuli (18), the findings of the present study suggests 
that PEMW‑induced cellular damage may be associated with 
the cellular response to the stress induced by PEMW.

In the present study, the effects of PEMW on ultrastruc-
tural changes in the pituitary were investigated 12, 24, 48 
and 96 h after PEMW exposure. The results revealed that 
cellular damage, including cellular edema and mitochondrial 

vacuolation occurred as early as 12 h after PEMW exposure. 
More severe cellular damages, including the depletion of 
secretory granules, ER and Golgi complex enlargement, accu-
mulation of heterochromatins close to the nuclear membrane 
and myelin‑like structure of mitochondria, occurred 24 h after 
PEMW exposure, suggesting that PEMW induced cell degen-
eration and necrosis. The PEMW‑induced cell degeneration 
and necrosis was aggravated 48 h after PEMW exposure and 
an increase in intercellular gaps also occurred. In addition, the 
PEMW‑induced cellular damage increased as the pulse time 
of the PEMW increased, particularly in the somatotrophs and 
lactotrophs. This finding was consistent with those of previous 

Figure 2. Pulsed electromagnetic wave (PEMW) induces ultrastructural damage in the adenohypophysis. (A) Electron micrograph of a somatotroph 12 h after 
3x105 pulses of PEMW exposure, exhibiting swollen mitochondria with enlarged and broken cristae, vacuolated mitochondria, myelin‑like structure in the 
mitochondria and chromatin aggregation at the periphery of the nuclear membrane (magnification, x12,000). (B) Electron micrograph of a corticotroph 12 h after 
3x105 pulses of PEMW exposure exhibiting vacuolated mitochondria with enlarged and broken cristae (magnification, x15,000). (C) Electron micrograph of a 
lactotroph 24 h after 3x105 pulses of PEMW exposure exhibiting severe vacuolation in the mitochondria with broken and fused membrane and the enlargement 
of ER (magnification, x6,000). (D) Electron micrograph of a gonadotroph 24 h after 3x105 pulses of PEMW exposure exhibiting cell edema, vacuolation in the 
mitochondria with a dissolved membrane and enlargement of the ER (magnification, x10,000). (E) Electron micrograph of a somatotroph 48 h after 3x105 pulses of 
PEMW exposure exhibiting myelin‑like structure in the mitochondria, broken cristae in certain mitochondria and bulky heterochromatin accumulated close to the 
nuclear membrane (magnification, x12,000). (F) Electron micrograph of a lactotroph 48 h after 3x105 pulses of PEMW exposure exhibiting myelin‑like structure 
in the mitochondria (magnification, x15,000). (G) Electron micrograph of a lactotroph 24 h after 1x104 pulses of PEMW exposure exhibiting complete depletion 
of secretory granules, partial depletion of secretory granules and enlargement of ER (magnification, x12,000). (H) Electron micrograph of a somatotroph 24 h 
after 1x104 pulses of PEMW exposure exhibiting enlargement of ER and vacuolation in the mitochondria (magnification, x10,000). (I) Electron micrograph of a 
somatotroph 24 h after 1x105 pulses of PEMW exposure exhibiting enlargement of ER, vacuolation in the mitochondria and chromatin aggregation at the periphery 
of the nuclear membrane (magnification, x15,000). (J) Electron micrograph of a thyrotroph 24 h after 1x105 pulses of PEMW exposure exhibiting enlargement of 
ER, increased Golgi vesicles and vacuolation in the mitochondria (x12,000). ER, endoplasmic reticulum.
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studies that showed that EMP exposure induced cellular 
damage in the pituitary (5,6). However, the degree of cellular 
damage differed among these studies, possibly due to differ-
ences in the pulse time and field strength used, suggesting that 
PEMW‑induced cellular damage may be associated with the 
pulse time and the field strength of PEMW.

The occurrence and development of cellular damage can 
be caused by several mechanisms, including deficiency in 
intracellular adenosine triphosphate (ATP), damage of the cell 
membrane, increase in free intracellular calcium and irrevers-
ible mitochondrial damage (19). Several studies using atomic 
force microscopy have demonstrated that electromagnetic 
pulses induce cell membrane perforation in cultured pituitary 
cells, hypothalamic neurons and hippocampal neurons (20‑22). 
In addition, it has been observed that high power microwaves 
induce an increase in free intracellular calcium and a decrease 
in the mitochondrial membrane potential in hypothalamic 
neurons 6 h after exposure (9). Therefore, the PEMW‑induced 
ultrastructural changes that were observed in the adeno-
hypophysis in the present study may have been caused by 
cell membrane perforation, an increase in free intracellular 
calcium and a decrease in mitochondrial membrane potential, 
thus leading to a change in the selectivity and permeability 
of the mitochondrial membrane. Mitochondria are the sites 
of ATP synthesis in the cell and mitochondrial dysfunction 
results in a deficiency in intracellular ATP, which can lead to 
the malfunction of ion pumps in the cell membrane, cellular 
edema, enlargement of ER and eventual cell death (23).

The upregulation of HSP is a main feature of the stress 
response, which is conserved in prokaryotes and eukaryotes, 
as a protection from harmful stimuli (18). It has been demon-
strated that pulsed microwaves, a harmful environmental 
stimuli, induce a stress response in rats and increase the 
synthesis of HSP in Escherichia coli cells (24,25). HSP70, a 
member of the HSP superfamily, is abundantly expressed in 
the majority of species and is markedly induced by cellular 
stress (26). HSP70 is important in the maintenance of protein 
stability, improvement of cellular tolerance to stress stimuli 
and maintenance of normal physiological functions in the 

cell (27,28). There are two isoforms of the HSP70 protein, the 
constitutive isoform and the stress‑inducible isoform (29). 
The constitutive isoform of HSP70 is expressed mainly in 
the cytoplasm in the absence of stress and can be moderately 
upregulated during stress. By contrast, the stress‑inducible 
isoform of HSP70 is generally not expressed in unstressed 
cells and is highly inducible under conditions of stress. In 
addition, the HSP70 protein translocates from the cytoplasm 
to the nucleus in response to stress and translocates from 
the nucleus to the cytoplasm in the absence of stress, in a 
temperature independent manner (30).

The present study also examined the effects of PEMW on 
the expression of HSP70 in the pituitary 12, 24, 48 and 96 h 
after PEMW exposure. In the PEMW sham exposure group, 
weak brownish staining was observed in the cytoplasm and 
minimal nuclear immunoreactivity was observed in the 
HSP70 immunopositive cells, suggesting that the constitutive 
isoform of HSP70 is expressed mainly in the absence of stress 
in the adenohypophysis. By contrast, 12 h after 3x105 pulses of 
PEMW exposure, the percentage of HSP70 immunopositive 
cells were significantly increased and the immunoreactivity, 
with dark brown staining, was predominantly observed in 
the nucleus, suggesting that the stress‑inducible isoform 
of HSP70 was expressed mainly in the pituitary following 
PEMW exposure. The nuclear immunoreactivity began 
to decline 24 h after PEMW exposure, suggesting that the 
synthesis of the inducible isoform of HSP70 had decreased. 
The expression of HSP70 remained higher compared with 
the control 96 h after PEMW exposure, although to a lesser 
degree. The PEMW‑induced increase in the expression of 
HSP70 occurred earlier than the PEMW‑induced ultrastruc-
tural changes in the pituitary, suggesting that PEMW‑induced 
cellular damage may be associated with the cellular stress 
induced by PEMW. It has been observed that radiofrequency 
radiation and pulsed microwaves induce mitochondrial DNA 
damage and cell injury through oxidative stress  (31,32). 
Therefore, the HSP70‑mediated stress response may have 
contributed to the PEMW‑induced ultrastructural damage in 
the pituitary.

Figure 3. Immunocytochemical expression of heat shock protein 70 in the (A) PEMW sham exposure group and the groups (B) 12, (C) 48  and (D) 96 h after 
3x105 pulses of PEMW exposure. (Magnification, x400). PEMW, pulsed electromagnetic wave.
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In conclusion, the present study demonstrated that PEMW 
induced ultrastructural damage and the overexpression of 
HSP70 in the nuclei in the adenohypophysis. Somatotrophs 
and lactotrophs were the most sensitive cells to PEMW 
exposure and the mitochondria and RER were observed as 
the organelles most sensitive to the PEMW exposure. The 
PEMW‑induced adenohypophyseal damage was time‑depen-
dent and was determined by the pulse of PEMW. HSP70 may 
have contributed to the PEMW‑induced adenohypophyseal 
damage.
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