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Abstract

This study investigated the expression of vas-
cular endothelial growth factor (VEGF), vascular
density, and apoptosis in fetal rat adrenal glands
with hyperthyroidism in late gestation. Twelve
mature female Wistar albino rats with the same
biological and physiological features were used
for this study. Rats were divided into two groups:
control and hyperthyroidism. Hyperthyroidism
was induced by daily subcutaneous injections of
L-thyroxine (250 mg/kg) before pregnancy for 21
days and during pregnancy. Rats in the control
and hyperthyroidism groups were caged accord-
ing to the number of male rats. Zero day of preg-
nancy (Day 0) was indicated when the animals
were observed to have microscopic sperm in vagi-
nal smears. Pregnant rats were sacrificed on the
20th day of pregnancy; blood from each animal
was collected to determine the concentrations of
maternal adrenocorticotropic hormone and thy-
roxine. Rat fetuses were then quickly removed
from the uterus, and the adrenal glands of the
fetuses were dissected. VEGF expression, vascu-
lar density, and apoptosis were analyzed in fetal
rat adrenal glands. Maternal serum levels of the
ACTH and free thyroxine were significantly high-
er in the hyperthyroidism group than in the con-
trol group. Immunohisto chemistry revealed that
the number of VEGF positive cells and vessel den-
sity significantly increased in the hyperthy-
roidism rat fetal adrenal group compared with the
control group. Hyperthyroidism did not change
the fetal and placental weights and the number of
fetuses. This study demonstrates that hyperthy-
roidism may have an effect on the development of
rat adrenal glands mediated by VEGF expression,
angiogenesis, and apoptosis. 

Introduction 

Hyperthyroidism is a medical condition that
results from an excess of thyroid hormone in
the blood. The most common cause of hyper-

thyroidism is Graves’ disease. Hyperthy -
roidism significantly stimulates metabolism
and causes sudden weight loss, a rapid or
irregular heartbeat, sweating, and irritability.
Graves’ disease is prevalent in women of ges-
tational age and affects approximately 0.2% of
pregnant women. However, neonatal hyperthy-
roidism has been occurring in roughly 1% of
neonatal born to mothers with Graves’
disease.1

In the early phases of organ development,
some fetal organs are dissimilar in structural
or functional organization seen in adult
organs.2 The fetal adrenal systems of humans
and other mammalians are structurally differ-
ent from those of adult structures.3,4 The
human fetal adrenal gland is composed of the
definitive zone, the transitional zone, and the
fetal zone, from the outer to the inner part.4-6

Conversely, the rat fetal adrenal gland is
almost established around the time of birth.7

Ross et al. demonstrated that the rat adrenal
cortex on gestational day 18 seems to show
histological zonation, from the outer to the
inner part, namely, zona glomerulosa, zona fas-
ciculata, and zona reticularis.8 However,
Mitani et al. showed the presence of a fourth
zone between zona glomerulosa and zona fas-
ciculata when performing immunohistochem-
ical staining of an adult rat adrenal gland.9

This zone is called the undifferentiated zone
and contains stem cells for the adrenal cortex.
In humans, the fetal adrenal vasculature is

established by the eighth week of gestation
when the adrenal gland is supplied by arteries
from the descending aorta,6 and the capillaries
within the organ form a continuum with a
common circulation. One of the most impor-
tant angiogenic factors that may be involved in
the regulation of adrenal vascularization is the
vascular endothelial growth factor (VEGF), the
actions of which are limited to the vascular
endothelial cells. VEGF is a potent regulator of
blood vessel formation, and it enhances vascu-
lar permeability.6,10

CD31 [platelet endothelial cell adhesion
molecule (PECAM-1)] is found on the surface
of platelets, Kupffer cells, T/NK cells, and
megakaryocytes, and it makes up a large por-
tion of endothelial cell intercellular junctions.
Under normal circumstances, CD31 is
observed at high levels in the vascular
endothelium.11

Angiogenesis and/or vasculogenesis is
essential for a variety of embryonic processes,
including tissue development, growth, and dif-
ferentiation. Important factors act on fetal
adrenal growth through intra-adrenal growth
factors, and these factors include fibroblast
growth factor, insulin-like growth factor II, and
epidermal growth factor.12 Previous studies
have suggested that extracellular components
(laminin, fibronectin, and collagen IV) are also

important in coordinating proliferation, migra-
tion, and differentiation.13,14 In the present
study, we investigated the expression of VEGF
and CD31 in fetal rat adrenal glands with
hyperthyroidism in late gestation (Day 20). We
also examined the changes in apoptosis in the
cortical region of fetal adrenal glands. 

Materials and Methods
Animals
Twelve mature female Wistar albino rats with

the same biological and physiological features
were used in this study. These rats were bred in
the Research Department of Experimental
Animals in Trakya University, and their weights
varied between 200-230 g. The study was
approved by the Institutional Animal Ethical
Committee of Trakya University, Edirne, Turkey
(permission number: TUHDYEK-2015/23). In
this experiment, all subjects were fed with rat
pellet feed (Purina) containing 21% pure pro-
tein and were given drinking water in an opti-
mum laboratory atmosphere (22±1°C, 12-h
light/dark cycle).

Experimental protocol
Female rats were randomly divided into two

groups: control and hyperthyroidism. Rats
from the hyperthyroidism group were injected
subcutaneously (sc) with 250 µg/kg/day of thy-
roxin hormone (in normal saline; L-thyroxine,
Sigma, St. Louis, MO, USA) for 21 days.15 The
control group received daily sc injections of a
saline vehicle. After thyroxin administration
for 21 days, vaginal smears were taken from
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each animal, and animals in the estrus phase
were placed in a cage attached to another cage
with a male rat. All females mated with males
(ratio 1:1). The morning when spermatozoa
were present, the vaginal smear was designat-
ed as day zero of pregnancy.16 During pregnan-
cy, L-thyroxine was injected once every 48 h,
and the drug was stopped on the 20th day of
pregnancy. Pregnant rats were anesthetized
intraperitoneally with xylazine-ketamine and
sacrificed on the 20th day of pregnancy. Blood
from each animal was collected, and serum
was separated to determine the concentrations
of maternal ACTH and T4. Rat fetuses were
then quickly removed from the uterus, and the
adrenal glands of fetuses were dissected. In
this study, 24 fetuses were examined for each
group, and the fetuses were collected from six
different mothers. The rat fetal adrenal glands
were fixed with buffered formaldehyde solu-
tion for 24 h. The fetal adrenal gland samples
were dehydrated and embedded in paraffin
according to standard histological procedures.
Serial cross-sections of 5 µm were prepared
from each rat fetal adrenal gland. Fetal placen-
tal weights were also measured, and the num-
ber of fetuses was counted and recorded.    

Chemical immunoassay of ACTH
and T4 levels
Serum concentration levels of maternal

adrenocorticotropic (ACTH) and thyroxine
(T4) in both groups were measured using 
100 mL samples of serum with commercially
available chemical immunoassay kits
(Siemens, Immulite 2000 analyzer and Advia
Centaur XP, respectively).

Immunohistochemical examination
The avidin–biotin complex method was

used for immunohistochemical staining as
previously reported.17 Sections of 5 µm thick
were examined by light microscopy on the
preparations obtained from each rat. The
paraffin sections were incubated with specific
monoclonal anti-VEGF antibodies (1:100;
ab46154, Abcam, Cambridge, MA, USA). In the
negative controls, the primary antibodies were
replaced with phosphate-buffered saline
(PBS). Fetal adrenal tissue sections were
examined under light microscopy (400X). Cells
with red cytoplasmic staining were considered
positive, and the number of VEGF positive cells
were counted in random high-power sections
using a light microscope (Olympus BX51,
Japan) and incorporating a software analysis
system (Argenit Kameram, ver. 2.11.5.1,
Istanbul, Turkey). In fetal adrenal glands, the
number of VEGF positive cells in 10 random
(each rat) sections was counted. All scores
were converted to the number of VEGF positive
cells per unit area (mm2). 

                                                                                                        Original Paper

Figure 1. Effects of hyperthyroidism on maternal ACTH (a) and T4 (b) levels. *P<0.05
compared with the control group.

Figure 2. Expression of fetal rat adrenal VEGF in the zona glomerulosa and zona fascicu-
lata. VEGF expression was more prominent in the zona fasciculata than in other zones
in both the control and hyperthyroidism groups. a) Control group. b) Control group. c)
Hyperthyroidism group. d) Hyperthyroidism group. e) Analysis of VEGF positive cells in
the fetal rat adrenal gland. VEGF positive cell number in the hyperthyroidism group was
significantly increased compared with the control group. GZ, zona glomerulosa; FZ, zona
fasciculate; arrows, VEGF positive cells. *P<0.05 compared with the control group. Scale
bars: a,c) 100 µm; b,d) 50 µm.
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Microvessel density
Fetal adrenal sections were stained with the

anti-CD31 (Abcam, 1:100; BS-0195R- Bioss,
Woburn, MA, USA) antibodies and then analyzed.
In the negative controls, the primary antibodies
were replaced with PBS.18 The number of
microvessels in the adrenal cortex was counted
for five randomly selected fields in each section at
400x magnification. The value was defined in
area mm2 for the microvessel density. 

TUNEL assay 
The terminal deoxynucleotidyl transferase-

mediated dUTP nick end labeling (TUNEL)
method, which detects the fragmentation of
DNA in the nucleus during apoptotic cell death
in situ, was employed using an apoptosis
detection kit (Apop Tag plus Peroxidase in Situ
Apoptosis Detection Kit S7101, Millipore,
Billerica, MA, USA), as previously reported.19

The distribution of TUNEL-positive cells was
conducted in the same manner as the anti-
VEGF. 

Statistical analysis 
The statistical analyses were determined by

one-way analysis of variance (ANOVA) using
the SPSS version 19.0 (Chicago, IL, USA) soft-
ware. Groups were compared using ANOVA
with Tukey’s test for post hoc analysis or by a
non-parametric Kruskal-Wallis test whenever
appropriate. Significance was accepted at
P<0.05. 

Results  
Serum ACTH and T4 levels
Both ACTH and T4 levels tended to increase

in the hyperthyroidism maternal serum sam-
ples compared with the control maternal
serum samples (Figure 1 a,b; P<0.05). Fetal,
placental weights, and number of fetuses were
not significantly different between the hyper-
thyroidism and control rat groups (data not
shown).  

VEGF expression 
The adrenal cortex expression of VEGF was

examined by immunohistochemical staining
methods. The VEGF positive cell numbers are
summarized in Figure 2. The zona fasciculata
contained a greater number of VEGF positive
cells than the zona glomerulosa in all control
and hyperthyroidism maternal offspring fetus-
es. In addition, the number of VEGF positive
cells was higher in the outer zona fasciculata
than in the inner zona fasciculata areas. The
number of VEGF positive cells in the hyperthy-
roidism fetal group was significantly increased
compared with the control fetal adrenal group
(Figure 2e).  

Microvessel density 
The vessel density values in the hyperthy-

roidism group were significantly increased
compared with the control fetal adrenal group.
(Figure 3; P<0.05). Microvessel density was
more intensive in the zona glomerulosa than
in the zona fasciculata (Figure 3).

TUNEL assay evaluations 
The TUNEL positive cell count is summa-

rized for both groups in Figure 4. A statistically
significant increase in the number of TUNEL
positive cells was detected in the hyperthy-
roidism group (P<0.05) compared with the
control group. Furthermore, the TUNEL posi-
tive cell density was more intense in the zona
fasciculata than in the zona glomerulosa of
fetal adrenal glands (Figure 4). 

Discussion 

During embryonal and fetal development,
angiogenesis is concomitant with prolifera-
tion, and microvessels provide oxygen, nutri-
ents, and growth factors to tissue cells. The
significance of angiogenesis in mammalian
adrenal gland and activity shows the gland as
one of the most highly vascularized organs in
the mammalian fetus (e.g., human and rhe-
sus).20,21 The steroid products of fetal adrenal
glands are considered essential for fetal tissue
maturation.4 

Adrenal and thyroid secretions play an
important role in fetal development, protection
of homeostasis throughout fetal term,22 and
producing the steroid precursor dehy-
droepiandrosterone, which is converted to
estrogen by the placenta.23 In the present
study, maternal serum ACTH and free T4 levels

                             Original Paper

Figure 3. Anti-CD31 immunohistochemical staining. a) Control group. b) Control
group. c) Hyperthyroidism group. d) Hyperthyroidism group. e) Analysis of vessel den-
sity of fetal adrenal glands. Vessel density was higher in the hyperthyroidism group than
in the control group. Arrows, CD31 positive cells. *P<0.05 compared with the control
group. Scale bars: a,c) 50 µm; b,d) 20 µm.
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were significantly increased in the hyperthy-
roidism group compared with the control
group. ACTH secreted by the fetal pituitary
plays an important role in the prominent devel-
opment of the human fetal zone.12 Additionally,
ACTH is the primary regulator of adult adrenal
cortex trophicity. Human and other mam-
malian species may have developmental fail-
ures related to adrenal development-induced
pathological conditions.12,24 Fetal hyperthy-
roidism may cause fetal tachycardia, increase
in thyroid gland size, and intrauterine growth
retardation.25 In this study, hyperthyroidism
(induced with L-thyroxine 250 µg/kg) showed
a modulatory effect on VEGF and CD31
(PECAM-1) expressions in the fetal adrenal
glands. However, hyperthyroidism did not
change the body weight of offspring, placental
weights, and the number of fetuses (data not
shown). Johnson et al. showed that adrenal
weights significantly increased at 7 and 60
days in hyperthyroid rats compared with euthy-
roid rats.26

In previous studies, VEGF expression has
been identified in human fetal adrenal glands
and rhesus monkey adrenal glands.27 The
expression of VEGF in the midgestation
human fetal adrenal gland has been demon-
strated in the definitive and fetal zones.27 We
demonstrated for the first time that VEGF-pos-
itive cells were denser in the periphery of the
rat fetal zona fasciculata (glomerulosa-fascicu-
lata border) in late gestation (days 20). By con-
trast, the number of VEGF positive cells was
less in the zona glomerulosa and the central
region of the fasciculata. According to a previ-
ous study, VEGF-A was expressed strongly in
the glomerulosa and fasciculata layer cells in
adult bovine adrenal glands.28

The human fetal adrenal gland is highly vas-
cularized at midgestation, with a distinct pat-
terned vascular network in the inner fetal and
outer definitive zones. VEGF-positive cell den-
sity was greater in the fetal zone than in the
definitive zone. Shifren et al. suggested that
after the administration of ACTH, VEGF
expression increased in human fetal adrenal
glands.6 The nourishing effect of ACTH could
be mediated through the vasculature. This
argument is supported by the fact that ACTH
stimulates the expression and secretion of
VEGF in primary cultures of adrenal cortical
cells.29

In the literature, no study has examined the
microvessel density of rat fetal adrenal gland
in experimentally induced hyperthyroidism.
We investigated microvessel density in fetal
adrenal glands in both the zona glomerulosa
and the zona fasciculate using immunohisto-
chemistry. In this study, vascular density in the
hyperthyroidism group was significantly
increased in fetal adrenal tissue compared
with normal healthy fetus. Terada suggested

that the human fetal adrenal cortex was nega-
tive for CD31 at week 7 of gestation.30 In the
current study, microvessel density immunohis-
tochemistry revealed that the vessels were
denser in the zona glomerulosa than in the
zona fasciculata. We observed that hyperthy-
roidism increased vascular density of the fetal
adrenal glands in rats. This condition may be
associated with the increased maternal blood
levels of ACTH, which increases vasculariza-
tion. Muench et al. suggested that human fetal
adrenal cells were 6% CD31 positive in all cell
populations, positive cells and vessels were
observed in the capsule, and cells were dis-
persed in the definitive zone.2 A previous study
found that capillary activities were not detect-
ed on day 16 of gestation in the rat fetal adre-
nal gland.7 However, the same study showed
that the capillaries were detected immunohis-
tochemically in the rat fetal adrenal gland on
gestational days 19 and 20.
Apoptosis has a critical role in the develop-

ment of adrenal glands, and the disruption of
developmental apoptosis may produce condi-
tions such as hyperthyroidism and steroido-
genic hormone secretion disorders.31 In the
present study, fetal adrenal glands of the
hyperthyroidism group showed higher num-
bers of apoptotic cells than the control group
glands. In both groups, the TUNEL positive
cells were particularly found in the inner
region of the zona fasciculata. Spencer et al.
suggested that human fetal adrenal apoptotic
cells were detected at low levels in the defini-
tive zone.31 In the present study, TUNEL posi-
tive cells, regardless of the group, were rarely

observed in the zona glomerulosa of fetal rat
adrenal glands. The number of apoptotic cells
was low in the control fetal adrenal glands at
day 20 of gestation, but it increased markedly
in the fetal adrenal tissue of the hyperthy-
roidism rat group. These results are similar to
those of previous studies. For example, Jirasek
detected cellular apoptosis in human fetal
adrenal glands, mainly in the central portions
of the fetal zone.32 Mitani et al. suggested that
apoptosis was scattered during the late gesta-
tional period in the rat fetal adrenal gland.7 

Previous studies have suggested that fetal
pituitary ACTH is required for normal adrenal
growth. However, fetal zone regression and the
postnatal involution of the adrenal gland do
not coincide with an apparent decrease in
ACTH exposure.31,33 With regard to fetal zone
regression and cell apoptosis, the current
thinking is that other factors, such as the pep-
tides activin A and TGF�, can stimulate apopto-
sis in several cell types.34,35

We demonstrated changes in the distribu-
tion of VEGF expression, microvessel density,
and apoptosis in the rat fetal adrenal gland
after L-thyroxine-induced experimental hyper-
thyroidism. An abundance of VEGF protein
expression was found on the outer side of the
zona fasciculata in the rat fetal adrenal gland
in the offspring of hyperthyroid mothers.
Microvessels were dense in the capsule and in
the zona glomerulosa in the hyperthyroidism
group compared with the control group. These
issues may be clarified by a detailed investiga-
tion of the development of adrenal gland cells
during fetal growth. 
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Figure 4. Representative photographs of the TUNEL assay. a) Control group. b)
Hyperthyroidism group. c) The number of TUNEL positive cells per mm2 was counted
in the zona glomerulosa and zona fasciculata of each group. Arrows, TUNEL positive
cells. *P<0.05 compared with the control group. Scale bars: 50 µm. 
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