
Abstract. Background: Metastasis of breast cancer to
adrenal glands may alter neuroendocrine functions which
increase the severity of the disease. In this study the role of
vagus nerve activity in adrenal metastases was examined.
Materials and Methods: 48 Balb/c mice (n=48) were divided
into four groups; control, sham-operated, right vagotomy or
left vagotomy. Vagotomies were performed one week before
orthotopic injection of 4THM breast carcinoma cells and the
degree of adrenal metastasis was assessed. Results: In
control animals, besides extensive metastases within and
around the adrenal, 70% loss of medulla was observed
which was significantly more than cortical loss. Sham
operation by itself significantly decreased both the extent of
metastases and medullary loss. Compared to sham group,
vagotomy increased intra- and extra-adrenal metastasis.
There was laterality in the regulation of metastasis by the
vagus nerve, such that the right adrenal gland was affected
the most. Conclusion: Vagus nerve activity may reduce
adrenal metastasis as well as tumor-induced alterations of
adrenal functions.

Metastasis to the adrenal glands is relatively common and
found in 13 to 27% of disseminated malignancies at autopsy
(1). Proper functioning of adrenal tissue is very important for
response to stressful conditions such as inflammation and
cancer. Metastatic involvement of the adrenals may lead to
dysregulation of the immune system, leading to cancer
progression, and it has been shown to portend poor prognosis
(2). Hence understanding the factors regulating metastasis to
adrenals is crucial for designing effective treatments. 

Formation of visceral metastases is not random and certain
tumor cells have an affinity for the microenvironment
provided by specific organs (3). We demonstrated that
changing the microenvironment can markedly alter the
frequency of metastatic lesions and their gene expression
profiles. Specifically, inactivation of sensory neurons by
capsaicin facilitated heart and lung metastases from
orthotopically-transplanted 4T1 breast cancer cells, and
altered expression of 17 genes, demonstrating that capsaicin-
sensitive sensory neurons control metastatic growth. These
neurons have local effector functions such that upon
activation, they release vasoactive peptides which regulate
local blood flow, inflammatory response and cellular immune
system (4-9).

The vagus nerve comprises the majority of the sensory
neurons innervating the organs most susceptible to breast
cancer metastasis, including the lung, liver, and adrenal
glands. Unilateral vagotomy, right or left, significantly
increased the macroscopic lung, liver and kidney
metastases without altering the growth rate of the primary
tumor (10). The adrenal glands are innervated by the vagus
nerve. Some adrenal vagal nerve fibers project directly
from the dorsal motor nucleus of the vagus, while other
fibers of vagal origin reach the gland via the celiac or
suprarenal ganglion (11, 12). Electrophysiological studies
demonstrated the existence of a nervous pathway from the
ventral and dorsal subdiaphragmatic vagus nerve to the
adrenal gland, and also found that majority of these nerve
fibers are non-myelinated sensory C-fibers (13). Therefore,
we postulate that the vagus nerve may also play a
significant role in prevention of adrenal metastasis. The
role of the vagus nerve on adrenal metastasis induced by
breast carcinoma is not known. Hence, in the present study
we specifically examined the extent of metastasis of
murine breast carcinoma to the adrenal glands
microscopically in vagotomized animals. Each layer of the
adrenal glands as well as metastases surrounding the
adrenal tissue, was examined and analyzed separately. 
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Materials and Methods

The 4THM cell line, which was originally derived from heart
metastases of the 4T1 breast carcinoma cell line, was used. This cell
line is more aggressive in nature when compared to the 4T1 cell line
and produces more liver and heart metastases after orthotopic
implantation (7). Female Balb/c mice, 5 to 6 weeks old were
obtained from Harlan (Indianapolis, IN, USA) and kept under a 
12 h light–dark cycle with a controlled diet (Teklad rodent diet
8604; Harlan/Teklad in Madison, WI, USA). All protocols were
approved and performed under the supervision of the Penn State
University Institutional Animal Care and Use Committee and by
Akdeniz University Institutional Animal Care and Use Committee. 

A total of 48 Balb-c female mice, (6-7 weeks old, Harlan, IN,
USA) were randomized into four sub-groups as control, sham-
operated, right vagotomy and left vagotomy. Each group consisted
of 12 animals, seven of them were injected with 4THM cells and
five of them were injected with vehicle (Hank’s balanced salt
solution). In one group, to test the effects of surgery, animals were
sham-operated such that the cervical portion of the vagus nerve was
exposed and was then positioned in its original place. The control
group was not operated on. Right or left vagotomy or sham
operation was performed at the cervical level one week prior to
tumor or vehicle injections. 

Metastasis assay. 4THM cells were cultured in vitro with DMEM-
F12 medium (Invitrogen; Grand Island, NY, USA) supplemented with
non-essential amino-acids, 5% fetal bovine serum (FBS), gentamycin
(50 μg/ml), 2 mM glutamine (final concentration 4.5 mM) and 1 mM
sodium pyruvate. 4THM cells (5×105 cells) were injected
orthotopically into the right chest mammary pad 6-7 days after
vagotomy (n=7 for each group). Animals were sacrificed 27-32 days
after 4THM injections. The right and left adrenals were removed,
fixed in formalin and embedded in paraffin. Five sections were
obtained from the paraffin blocks, each section was separated by 5 to
10 sections of 5 μm thickness. The sections were stained with
hematoxylin & eosin. 

Histological assessment. All three layers of the adrenal cortex (zona
glomerulosa, zona fasiculata and zona reticularis) and the adrenal
medulla were evaluated for any histological alteration. If any of the
layers were not visualized in the sections examined, additional
sections were obtained until all layers were identified (unless the
tissue was exhausted). The size of the adrenal gland, the tumor size,
as well as the extent of tumor involvement, and tumor location
(extra- or intra-adrenal metastasis, involvement of the specific layers
of the adrenal gland) were noted.

Data evaluation. The parameters used here include extent of
metastasis in each layer (medulla, granulosa, fasiculata and
reticularis) determined as the percentage area of that layer, extent
of loss in each layer, extent of metastasis within the whole adrenal
gland and surrounding it. A numbering system was used for
statistical analysis because of great variability in both the extent of
metastasis and loss in each layer. The percentage loss was tabulated
as follows: 15-25% involvement or loss was considered as 1, 26-
50% as 2, 51-75% as 3 and 76-100% as 4. Using GraphPad Instat
software, non-parametric Mann-Whitney U-test was applied to
determine the differences among the groups. Changes in the sizes
of the adrenals were compared using Student’s t-test.

Results

Extra-adrenal metastasis of 4THM breast carcinoma increases
following left vagotomy. There was an extensive and specific
involvement of connective tissue surrounding the adrenal such
that the extent of extra-adrenal metastasis did not always
correlate with the extent of intra-adrenal metastasis. Hence we
evaluated the extra-adrenal metastases independently (Figure
1A). The adrenal glands were separated for laterality and each
side was evaluated separately. The extent of metastasis was
determined by calculating the percent area of metastatic
lesions compared to the adrenal gland size. For example if the
size of the lesions were three-times more than the size of the
adrenal, it was recorded as 300%. Because the amount of
metastasis in the right and left adrenals of sham as well as
control animals were very similar, the results were combined
for these groups as shown in Figure 1B. Sham operation itself
caused a visible decrease in extra-adrenal metastasis. Left
vagotomy, on the other hand, significantly increased the extra-
adrenal metastasis of the right side. 

Intra-adrenal metastasis of 4THM breast carcinoma increases
following right vagotomy. Similar to extra-adrenal metastasis,
the amount of metastasis was determined by measuring the
percentage of adrenal tissue involved with metastatic cells.
Right vagotomy significantly increased the percentage of intra-
adrenal metastasis of the right adrenal gland (Figure 2), showing
the lateralization of vagal innervations of the gland. Right
vagotomy did not alter the level of extra-adrenal metastasis. It
was interesting to note that both right and left vagotomy
induced changes only in the right adrenal gland. These results
suggest that the right adrenal gland is more intensely innervated
by the peripheral branches of the vagus nerves. 

Medullary metastasis as well as medullary loss, increases in
the right adrenal gland following right vagotomy. Intra-
adrenal metastasis was not associated with size change of the
adrenal gland; rather it replaced the normal tissue. Since
replacement of adrenal tissue with metastatic cells may also
alter the function of the gland, we specifically evaluated the
degree of cellular loss due to metastasis. Cellular loss was
estimated using control slides. Cellular loss was defined only
if it was evident in two sections examined. Figure 3A
demonstrates visible loss in the medullary as well as part of
the cortex of the adrenal gland. Major medullary changes
were observed following right vagotomy (Figure 3B and C).
Both the degree of metastasis as well as medullary loss, was
increased in the right adrenal gland following right
vagotomy. Left vagotomy did not modify the medullary loss
in either right or left adrenals. 

The degree of metastasis was determined in each layer of
the cortex. The percentage of metastasis in all three cortical
layers was similar, except for the right adrenal of the right
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vagotomy group for which there was a significant tumor
burden in the zona reticularis (p<0.01) when compared to
the sham group. Right vagotomy also significantly increased
the cellular loss in the zona glomerulosa (Figure 4). 

Metastasis-free adrenal tissue decreases in tumor-bearing
animals. In order to determine the overall changes in
uninvolved adrenal tissue, the sizes of the adrenal glands of
tumor-bearing animals were compared with animals injected

with vehicle only. In all groups, the size of right adrenals was
larger than that of the left adrenals. As seen in Table I, the size
of the adrenal gland was lower in most tumor-bearing groups. 

Discussion

We here demonstrated for the first time that adrenal
metastasis of breast carcinoma is regulated by the nervous
system and loss of peripheral branches of the left or right
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Figure 1. The extent of extra-adrenal metastasis. A: Hematoxylin and
eosin stain. Adrenal gland with intra-adrenal and extra-adrenal tumor
metastases. The tumor volume in the extra-adrenal location is
conspicuously higher than that of the intra-adrenal location. B: The
percentage of metastatic involvement of extra-adrenal area compared to
the size of the adrenal gland. Mann-Whitney U-test was used for
statistical analysis. RA, Right adrenal; LA, left adrenal; M, metastasis.



vagus nerve increases adrenal metastasis. There was also a
laterality of the regulation of metastasis by the vagus nerve,
such that the right adrenal was affected most by both right
and left vagotomy. 

Adrenal innervation is known to regulate steroid secretion,
catecholamine release, the development of compensatory
adrenal hypertrophy (14), and diurnal rhythm of plasma
corticosterone (15), as well as regeneration of the gland.
Specifically, inactivation of capsaicin-sensitive sensory nerve
endings systemically increases adrenal regeneration (16, 17)

suggesting that sensory neuromediators provide growth-
inhibitory factors within the adrenal gland. Because it was
demonstrated that the majority of the vagal innervation of the
adrenals includes sensory nerve endings (13), the increased
intra-adrenal metastasis following vagotomy might be due to
local loss of these growth-inhibitory factors. 

Several studies reported the morphological and pathological
asymmetry of the adrenal gland and the functional as well as
behavioral laterality of brain structures controlling adrenal
functions (18). For example, the left adrenal receives more
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Figure 2. The extent of intra-adrenal metastasis. A: Hematoxylin and
eosin stain. Adrenal gland with extensive, multifocal intra-adrenal
metastasis involving all layers of the adrenal cortex as well as the adrenal
medulla. B: The percentage of metastasis within the adrenal gland as
compared to the size of the gland. Mann-Whitney U-test was used for
statistical analysis. RA, Right adrenal; LA, left adrenal; M, metastasis. 



input from supraspinal neuronal structures, which is distinct
from right adrenal innervation. Interestingly, the majority of
the neurons of the hypothalamic paraventricular nucleus
innervate both right and left adrenals, which might be related
to the multiple (both neuroendocrine and neural) integrative

function of this cell group (19). Our data also suggest that
vagal innervation of the adrenals with peripheral branches of
the vagus nerves is asymmetrical. We found that right or left
vagotomy significantly increased intra-adrenal and extra-
adrenal metastasis on the right side. These results might be
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Figure 3. The extent of metastasis and cellular loss in the adrenal medulla. A: Hematoxylin and eosin stain. Metastatic cells predominantly invaded
and replaced the medulla and zona reticularis. Zona glomerulosa and fasiculata appear uninvolved. The extent of medullary metastasis and medullary
loss is seen in B and C, respectively. The loss was tabulated as follows: 15-25% involvement or loss was considered as 1, 26-50% as 2, 51- 75% as
3 and 76-100% as 4. Mann-Whitney U-test was used for statistical analysis. RA, Right adrenal; LA, left adrenal; M, metastasis. 



due to more extensive innervation of the right adrenal gland,
with fibers coming from both right and left vagus.
Alternatively, predominance of supraspinal innervation of the
left adrenal gland may overcome the effects of vagotomy.  

Sham operation by itself significantly reduced the
formation of metastases around the adrenal glands. We have
previously observed similar changes, such that sham
operation around the neck region reduced lung metastasis of
4THM breast carcinoma cells (10). This effect of sham
operation might be partly due to activation of vagal nerve
fibers since vagotomy markedly reversed the effects of sham
operation on lung (10) as well as on extra-adrenal metastasis,

as observed here. The incidence and extent of metastasis was
similar among right and left adrenals of control and sham-
operated animals. This suggests that both peripheral and
central innervation of the adrenal glands are involved in
regulation of metastatic growth. 

The nervous system plays a significant role in control of
cancer growth and metastasis (20). Stress causes alterations
in the immune system, the neuroendocrine system and
sensory nerve functions, which in turn could contribute to
cancer mortality (4, 5, 7, 21, 22). Stressful life events can
accelerate the progression of existing cancer (23). Similarly,
with breast cancer patients with higher mean diurnal cortisol
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Figure 4. The extent of metastasis and cellular loss in the adrenal cortex. The extent of metastasis and cellular loss within each layer of the adrenal
cortex is shown in A and B, respectively. The loss was tabulated as follows: 15-25% involvement or loss was considered as 1, 26-50% as 2, 51-
75% as 3 and 76-100% as 4. Mann-Whitney U-test was used for statistical analysis. RA, Right adrenal; LA, left adrenal; GFR, granulosa, fasiculata
and reticularis.

Table I. Tumor-induced changes in adrenal sizes. A group of animals (n=28, n=7 for each subgroup) were injected with 4THM cells a week after
vagotomy or sham operation. A second group of animals (n=20, n=5 for each subgroup) were injected with vehicle (medium) only (no tumor) a week
after surgery. The control group did not have any surgery. The adrenal glands were removed 27-32 days after 4THM or vehicle injections. At least
five sections of hematoxylin and eosin-stained adrenal glands were examined from each group. The dimensions of the adrenal gland and the tumor
within it were determined using an ocular micrometer. In cases of multifocality, all tumor foci were separately measured and a cumulative tumor size
was tabulated. The actual size of the adrenal was determined using the formula: (D.d.π/4)/640 where D is longitudinal diameter, d the horizontal
diameter, and 640 is the adjustment for magnification. The area occupied by metastatic cells was subtracted from the total area of the adrenal gland.
Data are presented as mean±se. *p<0.05 compared to vehicle-injected animals (Student’s t-test). 

Right adrenal (mm2) Left adrenal (mm2)

Treatment Vehicle-injected 4THM-injected animals Animals without 4THM-injected animals 
group animals 4THM injection

(no-tumor) Tumor/ Tumor-free area Tumor/ Tumor-free area
Adrenal % Adrenal %

Control 2.35±0.11 2.09±0.34 30.14 1.80±0.23 1.32±0.40 32.36
Sham 2.23±0.13 2.27±0.25 15.76 2.15±0.14 1.55*±0.08 22.91
Left vagotomy 2.28±0.09 1.83*±0.18 19.85 2.11±0.10 1.29*±0.18 40.05
Right vagotomy 2.53±0.1 0.47*±0.24 58.76 2.02±0.09 1.46*±0.21 28.87



concentrations also showed suppressed immunity (24). How
cancer-induced systemic changes, as well as stress of the
disease, alter neuroimmune functions is not known. It is,
however, well-known that the adrenal gland is the ‘anchor’
of the hypothalamus, pituitary, and adrenal gland
neuroendocrine axis and plays a crucial role in regulation of
the stress response by providing a link between the
neuroendocrine and immune systems. There are limited data
on cancer-induced alterations of adrenal functions.
Hypercotisolemia, which is associated with a poor prognosis,
and loss of diurnal rhythm of cortisol secretion might be due
to increased levels of certain cytokines in patients with
cancer (25). On the other hand, adrenal response to certain
cytokines is suppressed in patients with cancer, which may
alter appropriate immune response (26). 

The vagus nerve and capsaicin-sensitive sensory neurons
seem to play a crucial role in the regulation of adrenal
functions, as well as the immune system. Stimulation of the
vagus nerve increases the activity of nerve fibers innervating
the adrenal medulla (13). Inactivation of capsaicin-sensitive
sensory nerve fibers increases post-stress plasma cortisone
levels (17). In addition, epinephrine released from the
adrenal medulla increases the activity of afferent vagal fibers,
and these fibers may in turn influence the activity of
sympathetic nerves modulating the release of epinephrine, as
well as the stress response (27). The vagus nerve also
directly regulates the immune system, such that activation of
the vagus nerve inhibits the inflammatory response (28) and
alters (CD4)+ T-cell functions (29). We here show for the
first time to our knowledge that vagotomy enhances adrenal
metastasis. Layers most affected by the tumor burden are the
medulla and less so the zona reticularis. This cellular loss
correlates with the space-occupying effect of the tumor, but
can not be completely attributed to it. Selective loss of the
adrenal medulla is probably partly due to tumor-secreted
factors, because loss did not always correlate with the extent
of the metastasis and the presence of necrosis. Loss of
adrenal medulla, resulting in sympathetic deregulation, and
consequently immune dysfunction, may further enhance the
metastatic ability of the carcinoma.

These results, in conjunction with the information above,
suggest that the vagus nerve plays a significant role in
defense against cancer by inhibiting cancer metastasis. The
presence of metastatic cells within and around the adrenal
tissue and replacement of normal structures by metastatic
cells may alter the important biological functions of the
gland and may play a role in poor prognosis. Further studies
are required to evaluate how vagus nerve activity modulates
neuro-immuno-endocrinological response to cancer in order
to design novel treatments. These results also suggest that
vagal nerve stimulation, which is used clinically for different
pathologies such as epilepsy and degenerative brain diseases
(30), might have therapeutic effects on cancer. 
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