
Sex Difference in Link between IL-6 and Stress

Ryan Jankord1,*, James R. Turk1, James C. Schadt1,3, Jennifer Casati1, Venkataseshu K.
Ganjam1, Elmer M. Price1,3, Duane H. Keisler2, and M. Harold Laughlin1

1 Department of Biomedical Sciences, University of Missouri, Columbia, Missouri 65211

2 Department of Animal Sciences, College of Veterinary Medicine, University of Missouri, Columbia,
Missouri 65211

3 Dalton Cardiovascular Research Center, University of Missouri, Columbia, Missouri 65211

Abstract
Inflammation contributes to disease development, and the neuro-immuno-endocrine interface is a
potential site of action for inflammatory products like IL-6 to affect health. Although plasma IL-6
can stimulate the activity of the hypothalamo-pituitary-adrenocortical (HPA) axis, the precise role,
if any, for IL-6 in the HPA response to non-immunological stressors is unclear. The purpose of this
study was to test the hypothesis that IL-6 in the stalk median eminence (SME) can be directly involved
in stimulating ACTH secretion in response to acute stress in female swine. This study was undertaken
as a result of finding IL-6 localized to the external zone of the stalk median eminence (SME) next
to the hypophyseal portal vessels. Results indicate that content of IL-6 in the SME decreases in
response to acute stress along with an increase in phosphorylation of STAT3 in the anterior pituitary
and a simultaneous increase in plasma concentrations of IL-6 and ACTH. Furthermore, we show that
females concomitantly display greater SME content of IL-6 and greater HPA responsiveness to stress,
thereby suggesting that IL-6 release from the SME is an integral factor contributing to enhanced
stress responsiveness in females. Our results provide evidence for a direct link between IL-6 and
ACTH release and reveal a sex difference in this relationship.

INTRODUCTION
Chronic overproduction of IL-6 has been suggested as a core pathway contributing to the health
risks associated with aging, inflammation, chronic stress and metabolic disease (1–4). In
depression, there is a dysregulation of the circadian rhythm of circulating IL-6 and elevated
plasma IL-6 levels have been reported among individuals with sleep disorders (5,6). It has been
proposed that plasma IL-6 affects health through stimulating HPA axis activity thereby
contributing to the development of metabolic disorders and cardiovascular disease (3). Despite
the correlative evidence between plasma IL-6 and disease the mechanism of action for plasma
IL-6 to elicit negative effects on health remains to be elucidated.
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IL-6 may affect health through interactions with the HPA axis (2,7–10). IL-6 has the ability to
activate each level of the HPA axis (11–15) and a dose-dependent increase in ACTH and
cortisol is seen in response to IL-6 administration in man (16). Studies with rat hemipituitaries
provide evidence that IL-6 can increase ACTH secretion and intraventricular injection of IL-6
increases plasma ACTH within 15 min (17). The ability of IL-6 to activate the HPA axis occurs
even in the absence of CRH (15,18,19). Although the hypothalamus expresses IL-6 (20) and
cells of the anterior pituitary express the IL-6 receptor (7,18,21), an anatomical pathway
providing access for hypothalamic-IL-6 to directly affect anterior pituitary function has not
been clearly described.

In rats, IL-6 is co-expressed with vasopressin in the hypothalamic paraventricular and
supraoptic nuclei, the internal zone of the SME, and the posterior pituitary (22,23). In response
to dehydration IL-6 mRNA and protein content in the hypothalamus increase and IL-6 protein
content in the posterior pituitary is reduced (23). In this report, when we examined IL-6
expression in the pituitary of pigs we discovered IL-6 also localized to the external zone of the
stalk median eminence (SME).

The discovery of IL-6 in the external zone of the SME provides an anatomical pathway for
IL-6 to be released into the hypophyseal portal vessels, transported to the anterior pituitary,
and thereby affect anterior pituitary function. This evidence, along with the evidence that
plasma IL-6 increases in response to physical and psychological stressors (24), led us to the
primary hypothesis of this study: that IL-6 in the SME can be directly involved in stimulating
ACTH secretion in response to acute stress. If this hypothesis is correct, we may expect to find
the following in response to acute stress: 1) a decrease in IL-6 content in the SME; 2) activation
of the IL-6/gp130 signaling pathway at the level of the anterior pituitary; and 3) a simultaneous
increase in plasma concentrations of IL-6 and ACTH. Thus, the purpose of the study reported
in this manuscript was to test the functional significance of IL-6 in the SME by determining
whether these three predictions of our hypothesis are correct. We chose to use exhaustive
exercise as a stressor of female pigs since we had previously observed robust changes in ACTH
in response to this stressor in females. In addition, exercise has been reported to increase IL-6
release from the brain in humans (25).

MATERIALS AND METHODS
Animals

Male and female adult Yucatan miniature swine were obtained from a breeder (Sinclair
Research Farm, Columbia, MO) and maintained in accordance with standards set forth by the
University of Missouri Institutional Animal Care and Use Committee. Pigs were sexually
mature, 7–13 months of age and weighed 24–40 kg. Pigs used for blood collection during
exercise had indwelling catheters placed in the jugular vein and connected to a vascular access
port. Pigs were allowed to recover at least one week prior to inclusion in studies. For tissue
harvest, pigs were sedated with ketamine (35 mg/kg im) and xylazine (2.25 mg/kg, im) and
anesthetized with thiopental sodium (10 mg/kg im). Following euthanasia, the brain was
removed and the pituitary dissected.

Immunohistochemistry
Collected tissues were immersed in 10% neutral buffered formalin, embedded in paraffin, then
sectioned serially at 6 μm thickness. Sections were floated onto positively charged slides
(Fisher), deparaffinized then steamed in an antigen target retrieval solution (Dako S1699).
Endogenous biotin was blocked with an avidin-biotin two-step blocking solution (Vector
SP-2001) and endogenous peroxidase was inhibited by placing sections in 3% hydrogen
peroxide. Prior to incubation with primary antibody, a non-serum protein block (Dako X909)
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was applied. Sections were incubated overnight at 4 C with a monoclonal anti-porcine IL-6
antibody (25 ng/ml; MAB686, R&D Systems). Additional sections were incubated overnight
with other antibodies including anti-CRF (1:2,000; Peninsula Laboratories), vasopressin
antiserum (1:12,000; W3, Rudolf Magnus Institute, Utrecht), pSTAT3 (1:200, Cell Signaling)
and POMC (1:300; Santa Cruz). For negative control, sections were incubated overnight with
the antibody diluent minus primary antibody. Sections were incubated with a biotinylated link
antibody (Dako LSAB+ kit) for 30 min then incubated with peroxidase-labeled streptavidin
for 30 min (Dako LSAB+ kit). Diaminobenzidine (DAB; Dako) was applied for visualization
of the reaction product followed by counterstaining with Mayer’s hematoxylin stain,
dehydration and coverslipping.

For dual immunohistochemistry slides were first incubated with pSTAT3 antibody as described
above. After the application of DAB (brown) slides were rinsed then blocked again prior to
incubation with POMC antibody. The replacement of DAB with Vector VIP chromogen
(Vector Laboratories) provided a violet reaction product for the visualization of POMC
immunoreactivity. Photographs were obtained with an Olympus BX40 photomicroscope and
Spot Insight Color camera (Diagnostic Instruments).

Western blotting
Whole median eminence was placed in chilled homogenization buffer (50 mM Tris-HCL, 0.1
mM EDTA, 0.1 mM EGTA, 0.5 mM dithiothreitol, 1:200 protease inhibitor cocktail (P8340,
Sigma)), homogenized (Omni GLH), and centrifuged at 100,000 × g for 45 min (26). The
supernatant was collected and protein concentration was determined (Coomassie Protein
Assay, Pierce). A volume of supernatant containing 20 μg of protein was diluted 10:1 with
trichloroacetic acid (TCA) solution, placed on ice for 10 min, then centrifuged at 16,000 × g
for 10 min. The TCA was suctioned off, replaced with 500 μl acetone, and samples were
centrifuged again at 16,000 × g for 10 min. The acetone was removed and the protein pellet
was resuspended in 20 μl Laemmli buffer then kept at −80 C until analysis. On the day of
analysis, samples were heated to 70 C for 10min, loaded (10 μg/lane) onto 4–12% NuPage
Bis-Tris gel (Invitrogen), electrophoresed under reducing conditions and electrotransferred to
polyvinylidene difluoride membrane (Hybond-enhanced chemiluminescence, Amersham).
The membrane was blocked for 1 h at room temperature with 5% nonfat milk in Tris-buffered
saline with Tween and incubated overnight at room temperature with primary antibody against
porcine IL-6 (1 μg/ml; MAB686, R&D Systems). After another 1 h wash, the membrane was
incubated with secondary antibody (1:2,500, horseradish peroxidase-conjugated anti-mouse;
Sigma), washed then detected by enhanced chemiluminescence (Amersham). Exposed films
were scanned and band intensity determined (NIH Image). To confirm equal loading,
membranes were reprobed for α-Tubulin (1:15,000, Santa Cruz).

Plasma assays
Blood samples were collected in chilled EDTA containers, centrifuged and kept at −80 C until
analysis. Lactate was measured (Sigma) spectrophotometrically. IL-6 was measured using an
anti-porcine IL-6 ELISA (R&D Systems). ACTH and cortisol were measured by
chemiluminescent assay (Immulite, DPC). The intra- and inter-assay coefficients of variation
for cortisol were 4.5 and 5.1, and ACTH was 3.4 and 3.6, respectively.

Stress models
The exhaustive exercise bout involved incremental increases in running speed to exhaustion.
Caudal electrical stimulation was used. The animals began walking on the treadmill at 3.2 km/
h and then speed was increased for 5 min intervals each at 4.8, 8.0, 11.3 and 11.3 km/h with
5% incline. Between each stage the animals were allowed to walk for 5 min at 3.2 km/h at
which time blood samples were collected via indwelling catheters. For gender comparisons,
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additional pigs were acclimated to sub-maximal treadmill jogging in the absence of electrical
stimulation. Pigs walked at 3.2 km/h for 5 min then performed fast walking at 4.8 km/h for 5
min and finished with a 5 min jog at 8.0 km/h. Blood samples were drawn during the final
minute of each stage via indwelling catheters.

For basal concentrations of ACTH, blood samples were collected by automated blood sampling
(Accusampler, DiLab) every hour during the daylight hours. For restraint stress conscious pigs
were flipped on to their back and blood samples were obtained via jugular venipuncture within
5 min. Samples for the stress associated with anesthesia and surgery were collected
approximately 30 min after the animals had been placed on anesthesia (thiopental sodium, 10
mg/kg, im) and following minor surgery including intubation.

Statistical analysis
One way ANOVA was used to compare ACTH changes during exercise. A Kruskal-Wallis
one way ANOVA on ranks was used if the normality test failed. A Pearson correlation was
run to compare the relationship between plasma concentrations of ACTH and IL-6 during
exercise. A t-test was run to compare groups and, if normality failed Mann-Whitney U-test
was employed. Data are presented as mean ± SEM.

RESULTS
Localization of IL-6 to external zone of SME

IL-6 was found to be localized to the external zone of the SME demonstrating the same
immunoreactive pattern as CRH (Fig. 1). IL-6 was localized to the external zone in both male
and female pigs and demonstrated a molecular weight of 45kDa (Fig. 1C). Vasopressin was
localized to both the internal and external zones of the SME (Fig. 1F). IL-6 was also found to
be localized to the posterior pituitary (Fig. 1H).

SME IL-6 content changes in response to acute stress
Exhaustive exercise bouts were completed by female pigs using an incremental exercise
protocol (Fig. 2). The increasing intensity of this exercise is illustrated by the changes in blood
lactate (Fig. 2B). We observed a significant decrease in SME content of IL-6 in response to
exhaustive exercise (Fig. 2A) which in part supports our hypothesis that IL-6 is released from
the SME in response to acute stress. Plasma concentrations of IL-6 and ACTH increased
simultaneously as predicted by our hypothesis (Fig. 2C and D, respectively), demonstrating a
significant correlation (r = 0.89; P < 0.001) between the plasma concentrations of these two
molecules. Plasma cortisol also increased in response to exercise (Fig. 2E).

Phosphorylation of STAT3 in response to acute stress
The same animals used to test the change in SME IL-6 content (Fig. 2) were also used to test
the hypothesis that IL-6 release from the SME will result in phosphorylation of STAT3 in the
anterior pituitary (Fig. 3). In support of our hypothesis, we observed a significant increase in
the phosphorylation of STAT3 in the anterior pituitary (Fig. 3C, D), presumably due to
activation of the IL-6/gp130 signaling pathway in those tissues (27). The nuclear
immunoreactivity of pSTAT3 in the anterior pituitary demonstrates that pSTAT3 has
translocated to the nucleus in response to exhaustive exercise (Fig. 3D). Nuclear
immunoreactivity of pSTAT3 is seen in POMC positive cells demonstrating activation of the
IL-6/gp130 signaling pathway in corticotrophs (Fig. 3E).
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Sex difference in SME IL-6 content and ACTH response to stress
When we evaluated the influence of gender on this relationship, we observed that female pigs
had greater IL-6 content in their SME (Fig. 4A) and displayed an exaggerated ACTH response
to exercise (Fig. 4B) when compared to male pigs. We additionally note that the exercise model
used in Fig. 4 involved running at sub-maximal intensities and, unlike Figures 2 and 3, these
animals were not exercised to exhaustion. Nonetheless, from pre-exercise to jogging on the
treadmill, female pigs responded with a 10-fold increase in mean plasma ACTH while male
pigs were unresponsive (Fig. 4B). In addition, there was a corresponding sex difference in
cortisol response to exercise as well (Fig. 4C).

HPA activity in pigs
To determine whether the sex difference in ACTH response in pigs was unique to the stressor
used, we subsequently incorporated two additional stressors. We used restraint as one of our
stressors since previous work in mice demonstrated that the sex difference in HPA response
to restraint is IL-6 dependent (18). We report basal concentrations of ACTH for female and
male pigs at 15.5 ± 0.5 pg/ml and 16.9 ± 0.9 pg/ml, respectively. Automated blood sampling
was used to collect the basal, undisturbed blood samples and there was no sex difference in
ACTH or cortisol at rest (Fig. 5). Restraint blood samples were collected within 5 min of placing
the pig on its back and female pigs demonstrated a greater ACTH response to restraint than
male pigs while there was no difference in the cortisol response (Fig. 5). We found no effect
of gender on the ACTH or cortisol response to the stress associated with anesthesia and surgery
(Fig. 5).

DISCUSSION
The purpose of the study reported in this manuscript was to test the hypothesis that IL-6 in the
SME can be directly involved in stimulating ACTH secretion in response to acute stress in
female swine. Our initial observation of IL-6 localized to the external zone of the SME
suggested that IL-6 may be released into the portal vessels and directly modulate anterior
pituitary function. This hypothesis was supported by two important observations in our results:
1) IL-6 content in the SME decreases in response to acute stress coincident with increases in
anterior pituitary STAT3 phosphorylation and a simultaneous increase in plasma IL-6 and
ACTH (Figures 2 and 3), and 2) females demonstrate greater SME IL-6 content and greater
ACTH response to stress than males (Fig. 4).

Depending on the level of glycosylation a monomer of IL-6 has been reported in the size range
of 21–30 kDa (28), and is found to circulate as complexes of high molecular mass of 100–150
kDa and 400–500 kDa (29). A 45 kDa dimer has been reported as the predominant molecular
weight species detected in human serum following TNF infusion or endotoxin challenge (30,
31). Also, a 45 kDa form of IL-6 survived under reducing and denaturing conditions and
demonstrated both hepatocyte stimulating activity and B cell differentiation activity, two
cardinal features of IL-6 (30,31). Indeed, the previous names for IL-6 (B cell differentiation
factor/hepatocyte-stimulating factor) were derived from the biological activities of this
cytokine. Consistent with these previous observations in humans, we report the molecular
weight of IL-6 present in the porcine SME as 45 kDa.

We believe the uniqueness of the work reported in this manuscript rests not only in the
anatomical evidence for IL-6 being directly involved in neuroendocrine activity, but also the
evidence of a physiological role for SME IL-6. The observed changes in response to acute
stress (1: decrease in IL-6 content in the SME; 2: increase in phosphorylated STAT3 in
corticotrophs; and 3: a simultaneous increase in plasma IL-6 and ACTH) along with the
observation that the higher SME IL-6 content found in females coincides with greater ACTH
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responsiveness; strongly supports a physiological role for IL-6 role in augmenting/signaling
the ACTH response to stress.

Our observation of a sex difference in HPA response to restraint in swine is of interest since
previous work in mice has demonstrated that the sex difference in HPA response to restraint
could be eliminated in IL-6 KO animals (18). We did not observe a sex difference in ACTH
response to the stress associated with anesthesia and surgery. However, it is possible that lack
of time course information hid a sex difference in this response since blood samples were
collected at only one time point in this experiment. Previous work, reported that WT female
mice had a greater HPA response to restraint stress than male WT mice (18). Of interest, these
investigators also reported that female IL-6 KO mice had a 70% reduction in their
corticosterone response to restraint compared to female WT, while there was no difference in
corticosterone response between male WT and male IL-6 KO mice. These data provide
evidence that IL-6 contributes to the greater HPA responsiveness seen in female mice (18).
Our data suggest that IL-6 release from the SME and activation of pituitary corticotrophs is
the mechanism of action by which IL-6 contributes to sex differences in HPA response.

Previous reports have shown that in the basal state cytokines are expressed in low abundance
in the brain and that IL-6 is co-localized with vasopressin (22,23,32). Consistent with both
these notions, when we examined IL-6 immunoreactivity in the hypothalamus of pigs we
observed faint immunoreactivity in vasopressinergic neurons (data not shown). IL-6 mRNA
has been detected in response to LPS in the PVN and in the median eminence/arcuate region
(32). Additionally, in response to dehydration IL-6 mRNA was detected in the PVN and SON
(23). Evidence collected using axonal blockade has also shown IL-6 protein co-expressed with
vasopressin in the PVN and SON (22). Although we did not consistently find strong
immunoreactivity for IL-6 in the hypothalamus we show that IL-6 immunoreactivity in the
external zone of the SME is seen alongside immunoreactivity for both CRH and VP (Fig. 1).

The use of exercise as our stressor to demonstrate that SME IL-6 is involved in the ACTH
response has value as it has been shown in humans that the ACTH response to exercise stress
is facilitated by factor(s) in addition to CRH (33). Even in the face of dexamethasone
suppression an HPA response to high-intensty exercise in humans was seen leading Deuster
et al. (34) to suggest that the stress of exercise may be different from other stimuli. In their
study using glucocorticoid inhibition they observed a greater VP and cortisol, but not ACTH,
response to exercise in females compared with males. In contrast, a greater initial ACTH
response to exercise was seen in males compared with females under hypogonadal conditions
(35). Roca et al. (35) suggested that sex-differences in HPA response are not dependent on
circulating concentrations of gonadal steroids.

Our findings may have clinical relevance as there is a sex difference in the association between
plasma IL-6 and risk factors for cardiovascular disease (36). In women, plasma IL-6 was
associated with blood pressure, but not insulin sensitivity, whereas in men, plasma IL-6 was
associated with insulin sensitivity but not blood pressure (36). Our results describing the
interaction between IL-6 and the stress axis may be of particular interest to women’s health
and quality of life, as Constanzo et al. (37), reported: “IL-6 may, therefore, be one pathway by
which psychosocial factors such as depression and social support could influence disease
outcomes in ovarian cancer.”

Despite associations between plasma IL-6 and disease it must be noted that chronic elevation
in plasma IL-6 represents a concentration change that is a mere fraction of what plasma IL-6
levels can reach during an infection/inflammatory response. As an example, in patients with
sleep apnea mean plasma concentrations of IL-6 increase to 4 pg/ml versus the 1.5 pg/ml level
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observed in controls (6). In contrast, during the inflammatory response to turpentine injection
plasma concentrations of IL-6 can exceed 2,000 pg/ml (38).

In response to injection of IL-6, which elevated plasma IL-6 for 4 h, increased ACTH was
observed when IL-6 plasma concentrations were maintained at 290 and 4,050 pg/ml (16).
However, when IL-6 injections produced plasma IL-6 concentrations of 8, 22, or 65 pg/ml
there was no effect on circulating ACTH (16). Our observation of an increase in concentration
of plasma IL-6 to 35 pg/ml suggests that circulating IL-6 was not entirely derived from stores
in the SME. The increase in plasma IL-6 to 35 pg/ml also suggests that if it were entirely derived
from the periphery this concentration would not be high enough to affect ACTH release. Thus,
if peripheral production of IL-6 is the only source of circulating IL-6, the small change in
circulating IL-6 that occurs during chronic stress, or in the acute stressor response, would not
be expected to affect pituitary function. However, if plasma IL-6 concentrations partially reflect
IL-6 release from the SME, then the impact of IL-6 on anterior pituitary function, and thus
health, may be greater than is currently appreciated.

In conclusion, we provide evidence here that IL-6 is localized to the external zone of the SME.
We also demonstrate that the content of IL-6 protein in the SME decreases in response to acute
stress, accompanied by an increase in phosphorylated STAT3 in the nucleus of corticotrophs,
and that plasma concentrations of IL-6 and ACTH increase congruently. In addition, the content
of IL-6 in the SME, as well as the ACTH response to restraint or exercise stress, is greater in
female pigs compared to males. Thus, IL-6 can be involved in augmenting ACTH release in
response to acute stress and this relationship may provide a mechanistic link among IL-6, stress,
and disease.
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Figure 1.
Immunohistochemical detection of IL-6 in the external zone of the SME. Frontal view of IL-6
(A, D), CRH (B, E), VP (F) and non-immune control (G) in the SME (representative images,
n ≥ 5 animals). Immunoblot analysis of IL-6 protein isolates from SME displaying
immunoreactive bands at 45kDa (C). Sagittal view of pituitary showing IL-6 immunoreactivity
in the external zone of the SME and the posterior pituitary (H). 3V, third ventricle; AP, anterior
pituitary; PP, posterior pituitary; SME, stalk median eminence. Bar represents 500μm (A, B,
H) and 100μm (D–G).
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Figure 2.
The effects of acute stress on IL-6 content in the SME. (A) In response to exhaustive exercise,
IL-6 protein content in the SME decreased as revealed by Immunoblot analysis (*P < 0.01;
n ≥ 5). Increase in plasma lactate during exhaustive exercise bout demonstrates increase in
intensity (B). Increase in plasma IL-6 (C) ACTH (D), and cortisol (E) in response to exercise
(n ≥ 5). C, control; S, stress.

Jankord et al. Page 11

Endocrinology. Author manuscript; available in PMC 2009 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Phosphorylation of STAT3 in the anterior pituitary in response to acute stress. In the anterior
pituitary there was lack of immunoreactivity in the non-immune control (A) and positive
immunoreactivity for POMC (B). The ratio of pSTAT3 to STAT3 was determined by
Immunoblot and demonstrated an increase in phosphorylation of STAT3 in response to
exhaustive exercise (C; *P < 0.05; n = 4). The increase in STAT3 phosphorylation is also
demonstrated by immunohistochemistry showing increased nuclear pSTAT3 after exercise (B,
n = 3). Dual immunohistochemical results for pSTAT3 (brown) and POMC (violet) in control
and acute stress animals (E). (E) Blue arrows point to POMC positive cells demonstrating
nuclear immunoreactivity for pSTAT3. C, control; S, stress.
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Figure 4.
Sex difference in SME IL-6 protein content and ACTH response to stress. (A) Immunoblot
analysis showing lesser SME IL-6 protein content in males compared to females (*P < 0.001;
n ≥ 5). (B) Females display increased ACTH at all speeds versus pre-exercise (P < 0.05) and
compared to males (P < 0.05; n ≥ 6). Results displayed as individual data points at
corresponding speeds. There was no sex difference in ACTH concentration prior to initiation
of exercise (Pre). (C) There was a significant sex difference in the cortisol response to exercise
(*P < 0.05) and only females demonstrated a significant increase in cortisol during exercise
(‡P < 0.05, vs. Pre). There was no increase in ACTH or cortisol in males in response to exercise.
F, female; M, male.
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Figure 5.
HPA activity in male and female pigs. In undisturbed animals there was no sex difference in
resting ACTH or cortisol (n ≥ 48). Females exhibited a greater ACTH response to restraint
(*P < 0.05; n ≥ 7) but no sex difference was seen in the ACTH response to the stress associated
with anesthesia and surgery (female, n = 3; male, n = 6). There were no sex differences in
cortisol response to restraint or the cortisol response to the stress associated with anesthesia
and surgery.
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