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Tributyltin chloride (TBT) is an environmental contaminant that is used as a biocide in antifouling

paints. TBT has been shown to induce endocrine-disrupting effects. However, studies evaluating

the effects of TBT on the hypothalamus-pituitary-adrenal (HPA) axis are especially rare. The current

study demonstrates that exposure to TBT is critically responsible for the improper function of the

mammalian HPA axis as well as the development of abnormal morphophysiology in the pituitary

and adrenal glands. Female rats were treated with TBT, and their HPA axis morphophysiology was

assessed. High CRH and low ACTH expression and high plasma corticosterone levels were detected

in TBT rats. In addition, TBT leads to an increased in the inducible nitric oxide synthase protein

expression in the hypothalamus of TBT rats. Morphophysiological abnormalities, including in-

creases in inflammation, a disrupted cellular redox balance, apoptosis, and collagen deposition in

the pituitary and adrenal glands, were observed in TBT rats. Increases in adiposity and peroxisome

proliferator-activated receptor-� protein expression in the adrenal gland were observed in TBT

rats. Together, these data provide in vivo evidence that TBT leads to functional dissociation be-

tween CRH, ACTH, and costicosterone, which could be associated an inflammation and increased

of inducible nitric oxide synthase expression in hypothalamus. Thus, TBT exerts toxic effects at

different levels on the HPA axis function. (Endocrinology 157: 2978–2995, 2016)

The hypothalamus-pituitary-adrenal (HPA) axis is one

of the most important neuroendocrine axes, and it

plays a key role in stress processes, which is critical for

normal physiology (1, 2). The hypothalamic CRH plays a

pivotal role in regulating the cascade of hormonal events

that is necessary for adrenal maturation. CRH is synthe-

sized and released by parvocellular neurons and stimulates

the production and secretion of ACHT in corticotrophs
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(3–5). ACTH acts on melanocortin-2 receptors to stimu-

late normal adrenal function (6).

The adrenal contains 2 regions, the adrenal cortex and

medulla (7). The adrenal cortex is divided into 3 distinct

zones, each of which has important functions (6–8). The

zona glomerulosa secretes aldosterone, which acts as a

modulator of electrolyte balance in the body. Glucocor-

ticoids are secreted primarily from the zona fasciculate,

which modulates metabolic and immune functions. The

zona reticularis participates in androgen production, ex-

cept in rodents (8–11). In addition, the adrenal medulla

secretes catecholamines into the bloodstream (8, 10).

Recent studies have reported that HPA axis function is

affected by environmental factors (12, 13). Rosol et al (14)

and Harvey (15) reported that environment factors, espe-

cially the presence of endocrine-disrupting chemicals

(EDCs), can alter HPA axis function. EDCs can affect the

modulation of HPA axis, increase the levels of CYP family

enzymes, and alter the capacity for the uptake and storage

of lipophilic agents (14–16). Organotins (OTs), such as

tributyltin chloride (TBT), have been identified as EDCs

(17–21). TBT is an industrial contaminant that was once

used as a naval antifouling agent (22, 23). TBT is lipophilic

and tends to accumulate in seafood; consequently, human

exposure occurs mainly through TBT-contaminated sea-

food (24, 25). OTs are detected in human blood at levels

ranging from 64 to 155 ng/mL (260- to 610-ng/g dry

weight), leading to TBT tissue accumulation and dysfunc-

tion (24). TBT exposure can lead to alterations in neural,

reproductive, immune, and metabolic functions in both in

vivo and in vitro models, suppressing immune responses

and increasing adiposity (26–32). Studies have support

the key roles of inflammatory mediators and obesity in the

abnormal HPA axis function (33–35).

Because the discovery of TBT, few studies have evalu-

ated the effects of TBT on HPA axis function, and its

effects on HPA axis remain unclear (36, 37). In order to

test the hypothesis that TBT will lead to abnormalities in

HPA axis, we analyzed the key indicators of HPA axis

competence in female rats, such as morphology, CRH and

ACTH expression, inflammation and apoptosis, cortico-

sterone hormone levels, and markers of oxidative stress

development process (OS). The identification of the toxic

signaling mechanisms affected by TBT in the HPA axis

greatly contributes to our continuously evolving under-

standing of the HPA axis.

Materials and Methods

Chemicals
The chemical used was TBT (96%; Sigma), which was dis-

solved in a 0.4% ethanol based on the protocols in previous

studies performed in our laboratory (30, 37, 38). The reagent

used was of analytical grade.

Experimental animals
Adult female Wistar rats (12 wk old), were maintained under

controlled temperature between 23°C–25°C with a 12-hour

light, 12-hour dark cycle. Rat chow and filtered tap water were

provided at libitum. All protocols were approved by the Ethics

Committee of Animals of the Federal University of Espírito Santo

(UFES) (106/2011). In this study, the total number of animals

used was 138 rats. The rats were divided into 3 groups: control

(CON) (n � 22) rats were treated daily with vehicle (0.4% eth-

anol); TBT15 (TBT15Days [D], n � 22) and TBT30 (TBT30D,

n � 22) rats were treated daily with TBT (100 ng/kg � d) for 15

and 30 days, respectively, by gavage. All animals were anesthe-

tized using ketamine and xylazine (90 and 4.5 mg/kg, ip) before

euthanasia, and wet organs were weighed. The doses and routes

of exposure were chosen based on protocols previously reported

by us (38–40) and others (41) to increase the serum tin levels

(31). Oral exposure to TBT in female rats was chosen, so we

could compare the current findings with our previous work dem-

onstrating metabolic toxicity (31). In addition, the TBT dose

used in the current study (100 ng/kg) was approximately 3 times

lower than the tolerable daily intake level of 300 ng/kg for hu-

mans established by the United States Environmental Protection

Agency (42).

Tissue preparation
The adrenals and pituitary were removed, their wet weights

were obtained, and they were fixed in PBS-formalin (4%) (pH

7.4), for 24–48 hours at room temperature. Paraffin-embedded

organs were sectioned into 7-�m-thick slices and stained with

hematoxylin and eosin (H&E) (43, 44). The anterior pituitary

and adrenal gland are referred to as the pituitary and adrenal,

respectively, throughout this study. Tissue processing and mi-

croscopic analyses were performed at the Laboratory of Cellular

Ultrastructure Carlos Antonio Redins, UFES.

Histomorphometry
The histomorphometry image analysis system was composed

of a digital camera (Evolution, Media Cybernetics, Inc) coupled

to a light microscope (Olympus AX70; Olympus). High-resolu-

tion images (2048 � 1536 pixels) were captured using Carl Zeiss

AxioVision Rel. 4.8. Photomicrographs were obtained using a

�10 objective, and the cortex and medulla of the adrenal area

were assessed using the area measure tool of Axio Vision Rel.

4.8 (45).

Mast cell assessment
Pituitary and adrenal sections were stained with Alcian Blue

according to a standard protocol (Sigma-Aldrich Co, LLC). Each

of the 7-�m sections was used to obtain 20 photomicrographs

(�40 objective). The number of positively stained cells (ie, cells

containing purple cytoplasmic granules) within the tissue was

evaluated. The areas to be analyzed were randomly selected, with

the exception that fields containing medium-sized blood vessels

were carefully avoided. The number of positively stained cells

was then expressed per unit area (mm2), as described in our

previous studies (31, 40).
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Collagen density surface assessment
TBT exposure was associated with tissue injury that could be

repaired with collagen deposition (38, 39, 41). For this reason,
we evaluated collagen deposition in the pituitary and adrenal
glands after TBT exposure. Masson’s trichrome (TM)-stained
sections were used to obtain 15 photomicrographs of the pitu-
itary and adrenal using a �20 objective. The areas of the pitu-
itary were randomly selected, and the areas containing the neu-
rohypophysis were carefully avoided (N). The random fields
from each well were photographed under phase contrast and
analyzed using ImageJ. The images were converted into high-
contrast black and white images to visualize stained collagen
fibers. The results represent the percentage of collagen deposited
in the total cortex of the adrenal and pituitary (39).

Tissue extraction and assessment of

myeloperoxidase (MPO) and n-acetyl-�-d-

glucosaminidase (NAG) activity
The infiltration of mononuclear cells into the pituitary and

adrenal was quantified by measuring the level of the lysosomal
enzyme NAG, which is present at high levels in activated mac-
rophages (46). The pituitary and adrenal were homogenized in
0.9% saline solution containing 0.1% vol/vol Triton X-100
(Promega) and then centrifuged. A sample of the resulting su-
pernatant was incubated for 10 minutes with 100 mL of p-ni-
trophenyl-n-acetyl-�-d-glucosaminide (Sigma-Aldrich Co, LLC)
that was prepared in citrate/phosphate buffer (0.1M citric acid
and 0.1M Na2HPO4; pH 4.5) to yield a final concentration of
2.24mM. The reaction was terminated by adding 100 mL of
0.2M glycine buffer (pH 10.6). Hydrolysis of the substrate was
determined by measuring absorption at 400 nm. The results are
expressed as nmol/�g of protein.

The number of neutrophils in the pituitary and adrenal was
measured by assaying MPO activity, as previously described
(47). The pituitary and adrenal were weighed, homogenized in
pH 4.7 buffer (0.1M NaCl, 0.02M NaPO4, and 0.015M
NaEDTA), and centrifuged. The pellets were then resuspended in
0.05M NaPO4 buffer (pH 5.4) containing 0.5% hexadecyltrim-
ethylammonium bromide, followed by 3 freeze-thaw cycles us-
ing N2(l). MPO activity in the supernatant samples was assayed
by measuring the change in absorbance (OD) at 450 nm using
tetramethylbenzidine (1.6mM) and H2O2 (0.3mM). The reac-
tion was terminated by adding 50 mL of H2SO4 (4M). The results
are expressed as a change in OD/�g of protein.

RT-quantitative PCR (qPCR)
Real-time qPCR was performed to determine the expression

levels of CRH mRNA in the hypothalamus and steroidogenic
acute regulatory protein (StAR) mRNA in the adrenals in the
CON and TBT-treated rats. Animals were decapitated and the
brains were dissected previously and stored at �80°C until mea-
surement following the protocol described by Quennell et al (48).
Briefly, the whole hypothalamus was dissected along the follow-
ing boundaries: laterally 2 mm either side of the third ventricle
from the optic chiasm to the posterior border of the mammillary
bodies, and the thalamus dorsally.

RNA was isolated from these tissues using TRI Reagent RNA
Isolation Reagent (Sigma-Aldrich), according to the protocol
provided by the supplier. One microgram of RNA was reverse
transcribed using an iScript cDNA kit (Bio-Rad Laboratories).

Real-time qPCR was performed in triplicate using the SYBR
Green Master Mix (Bio-Rad Laboratories) and the CFX96 qPCR
machine (Bio-Rad Laboratories). The primers used to amplify
CRH were sense primer 5�-TGAGGGAAGTCTTGGAAATGG-
3�, and antisense primer, 5�-CAGAGCTGCAGTATGGTA-
CAG-3�. The primers used to amplify StAR were sense primer
5�-AAGGTTTCATAGATA CCTGTCCCTTAA-3�, and anti-
sense primer, 5�-AGGAAAACAGAACTGAGGCTTAGAATA-
3�.�-actin RNA was used as an internal control for cDNA input,
sense primer 5�-ACA ACC TTC TTG CAG CTC CTC-3�, and
antisense primer 5�-GCC GTG TTC AAT GGG GTA CT-3�. The
relative quantification of mRNA expression was analyzed via the
2���Ct threshold cycle method (49).

Hormonal assays
To measure basal levels of ACTH and corticosterone, plasma

samples were obtained from animals that had been euthanized by
decapitation without anesthesia between 8 and 9 AM (50). ACTH
levels were measured using an ELISA kit assay (2244 EIA-3647;
DRG Instruments GmbH) on an ELx808 Absorbance Micro-
plate Reader (BioTek Instruments, Inc). A standard curve was
generated using 5-fold serial dilutions of the hormone reference
provided by The DRG Instruments GmbH. Low- and high-qual-
ity CONs were run on each assay to assess coefficient of variation
values. The assay detection limit for ACTH was 0.22 pg/mL. The
intraassay coefficient of variation for each assay was between
2.3% and 6.7%. The interassay coefficient of variation for each
assay was between 6.9% and 7.1%. Corticosterone levels were
measured using a RIA kit (07-120102 ICN corticosterone RIA;
MP Biomedical) with a detection limit of 7.7 ng/mL. The in-
traassay coefficient of variation for each assay was between
4.4% and 10.3%. The interassay coefficient of variation for each
assay was between 6.5% and 7.1%.

Total cholesterol assessment
To evaluate serum and adrenal total cholesterol, serum and ad-

renal samples were obtained, and the cholesterol levels were mea-
sured using colorimetric kits according to the manufacturer’s di-
rections (Bioclin) (31, 51).

Lipid deposition assessment
Adrenals were dissected, embedded in Tissue-Tek CRYO-

OCT (Fisher Scientific), frozen and cross-sectioned to at a thick-
ness of 7 �m using a cryostat (Jung CM1800; Leica). For each
animal, the adrenals were mounted on gelatin-coated slides and
stained using Oil Red O (Sigma-Aldrich). Lipid droplets were
quantified using an Olympus microscope that was attached to
an Evolution video camera and an image analysis system (Im-
ageJ, Public Domain). The lipid droplet area per section is
expressed as a percentage of the area of adrenal cortex that
was analyzed (31).

Transmission electron microscopy (TEM)
Adrenal samples were prefixed in 2% glutaraldehyde fixative

(in pH 7.4 PBS for 10 h at 4°C) and postfixed in 1% osmium
tetroxide fixative (in pH 7.4 PBS for 30 min at 4°C). Subse-
quently, samples were dehydrated in via graded acetone series
and embedded in epon. Ultrathin sections, 50–60 nm, were cut
with a Power tomex microtome (RMC product). The sections
were mounted on a copper grid and stained with uranylacetate

2980 Merlo et al TBT Impairs the HPA Axis Endocrinology, August 2016, 157(8):2978–2995
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and lead citrate. The tissue sections were examined using a JEOL
(JEM-1400) EM (44).

Protein extraction and immunoblotting
The hypothalamus, pituitary and adrenal were homogenized in

lysis buffer, and total protein was obtained (31). Briefly, proteins
were transferred to nitrocellulose membranes in tris-glycine buffer
(Bio-Rad Laboratories). The membranes were incubated overnight
with 5% blotting-grade blocker containing nonfat dry milk in tris-
bufferedsalineplus0.1%Tween20solutionandspecificantibodies
(Bio-Rad Laboratories). The primary antibodies were anti-
caspase-3 (sc7148, 1:500; SCBT, Inc), anti-ACTH (AB902, 1:800;
Chemicon International), anti-�-actin (sc-130657, 1:1000; SCBT,
Inc), antiperoxisome proliferator-activated receptor (PPAR)� (sc-
7273, 1:500; SCBT, Inc), anti-CYP11B1 (sc28205, 1:500; SCBT,
Inc), anti-inducible nitric oxide synthase (iNOS) (BD-610329; BD
Transduction Laboratories), and antiglyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (sc25778, 1:1000; SCBT, Inc). Goat an-
tirabbit IgG-alkaline phosphatase conjugate (A3687, 1:1000; Sig-
ma-Aldrich)wasusedasasecondaryantibodyforallblottingassays
unless noted. PPAR� and iNOS proteins were detected using a sec-
ondary antimouse IgG alkaline phosphatase conjugate (A3562,
1:1000; Sigma-Aldrich Co, LLC). The blots for iNOS, ACTH,
CYP11B1/2, PPAR�, and caspase-3, and their respective �-actin or
GAPDH CONs were visualized using a color development reaction
containing nitroblue tetrazolium chloride and 5-bromo-4-chloro-
3-indolylphosphate p-toluidine salt (sc24981; SCBT, Inc). The
iNOS, ACTH, CYP11B1/2, PPAR�, caspase-3, GAPDH, and �-ac-
tin bands were analyzed by densitometry using ImageJ software.
Relative expression levels were normalized by dividing the values
for the protein of interest by the corresponding internal control
values.

Superoxide anion assessment
To detect superoxide anion �O2

� � levels, cryosections (8 �m)
of adrenal and pituitary tissues embedded in OCT were allowed
to thaw and were then incubated with the O2

� -sensitive fluores-
cent dye dihydroethidium (DHE) at 37°C for 30 minutes in the
dark (39). Images were obtained using a Leica microscope with
fluorescence detected at 585 nm (DM 2500). The signal inten-
sity, indicating O2

� production, was analyzed in the area of in-
terest in 20 sections through the organ by a blinded researcher.
Processing and microscopic analyses were performed at the Lab-
oratory of Molecular Histology and Immunohistochemistry,
UFES. The O2

� production level indicates OS (LHMI).

Restraint stress assessment
Restraint stress was performed between 8 and 9 AM and lasted

for 30 minutes. Other set of rats from CON, TBT15D, and
TBT30D groups (n � 20 per group) were placed individually into
horizontal perforated Plexiglas tubes with partial movement al-
lowed (52). Blood samples were taken immediately before the
stress procedure to estimate basal ACTH levels (0 time point, n �

5 per group). Blood samples were also drawn at 15 (n � 5 per
group) and 30 minutes (n � 5 per group) during the stress pro-
cedure and 30 minutes after the termination of the stress proce-
dure (n � 5 per group). To measure the ACTH levels, plasma
samples were obtained from animals submitted to the stress pro-
cedure; animals were euthanized by decapitation without anes-
thesia (50). For CRH mRNA analysis by RT-qPCR in the hy-

pothalamus, the brains were obtained from rats submitted to 30

minutes of stress; animals were decapitated and dissected fol-

lowing the protocol described by Quennell et al (48).

Evaluation of negative feedback by glucocorticoids

To evaluate the negative feedback by glucocorticoids, other

set of 12-week-old female rats were anesthetized with ketamine-

xylazine, and a bilateral adrenalectomy (ADX) (n � 12) was

performed via a dorsal incision (53). Immediately after surgery,

all rats were injected with penicillin (0.2 mL, 300 000 IU im) and

buprenorphine (0.05mg/kg, ip)prophylactically forpostsurgical

infection and pain. To maintain the electrolyte balance, ADX

rats were provided with 0.9% saline in drinking water for the

remainder of the experiment. After a 7-day recovery period, the

ADX rats were underwent the treatment performed in the CON,

TBT15D, and TBT30D groups described above (n � 4 per

group). Blood was collected by decapitation without anesthesia,

and plasma samples were collected and stored at �80°C until

ACTH was measured as described above. In addition, hypotha-

lamic CRH mRNA analysis was performed using RT-qPCR as

described above.

Statistical analysis

All data are reported as the mean 	 SEM. The normality test

used to evaluate the data was the D’Agostino and Pearson om-

nibus. Comparisons between groups were performed using one-

and two-way ANOVA for Gaussian data (Tukey’s multiple com-

parison test). In addition, for non-Gaussian data, we used a

Kruskal-Wallis test followed by Dunn’s multiple comparisons.

P � .05 was regarded as statistically significant.

Results

Abnormal pituitary morphology in TBT rats

To characterize the effects of TBT exposure, pituitary

anatomy and histology were evaluated (Figure 1). A small

increase in the size of the pituitary in TBT-exposed rats

was observed in their anatomy (n � 5) (Figure 1A). An

increase of between 14% and 37% was observed in pitu-

itary weight in TBT15D and TBT30D rats, respectively,

and the values in TBT30D rats were significantly different

only when compared with CON rats (CON: 11.08 	 0.74;

TBT15D: 12.64 	 0.80; TBT30D: 15.12 	 1.40 mg, n �

5; P � .05) (Figure 1B). In pituitary histology, CON rats

displayed all types of chromophil cells (acidophil and ba-

sophil) and normal capillaries interspersed the cell cords

(n � 5) (Figure 1, C and C1). The presence of chromo-

phobe cells is indicated by an arrowhead. The pituitary in

both groups of TBT rats exhibited morphological abnor-

malities, such as a pituitary hyperplasia, mitosis (arrow,

Figure 1, D1, E1), and disorganization of the cell cords

(n � 5) (Figure 1, D, D1, E, and E1).

doi: 10.1210/en.2015-1896 press.endocrine.org/journal/endo 2981
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Inflammation was higher in the pituitaries of

TBT rats

Intensely stained capillaries surrounded and infiltrated by

inflammatory cells between pituitary acini were observed in

the pituitaries from both TBT groups (asterisk). Pituitary

NAG activity was higher in TBT30D rats compared with

CON rats (CON: 1.25 	 0.10; TBT15D: 1.60 	 0.35;

TBT30D: 3.19 	 0.72 nmol/�g, n � 5; P � .05) (Figure 1F),

and it was also higher when we compared TBT30D with

TBT15D rats. Pituitary NAG activity was similar in the

CON and TBT15D rats (P 
 .05). An increase in pituitary

MPO activity was observed in TBT30D rats compared with

CON rats (CON: 3.03 	 0.53; TBT15D: 4.02 	 0.31;

TBT30D: 5.23 	 0.16 OD/�g, n � 5; P � .01) (Figure 1G).

Pituitary MPO activity was similar between CON and

TBT15D rats and, TBT15D, and TBT30D rats (P � .05). In

addition, pituitary mast cells were observed in CON,

TBT15D, and TBT30D rats using the Alcian Blue staining

(Figure 1, H, H1, I, I1, J, and J1). However, a large number

of mast cell was observed in the pituitary of both groups of

TBT rats. The number of pituitary mast cells was higher

in both groups of TBT rats compared with the CON rats

(CON: 0.31 	 0.03; TBT15D: 0.40 	 0.02; TBT30D:

0.45 	 0.02 mast cells/mm2, n � 5; P � .05) (Figure 1,

H, H1, I, I1, J, J1, and K, arrow). No significant dif-

ference in pituitary mast cell number was observed in

TBT15D and TBT30D rats (P � .05).

Collagen deposition was higher in the pituitary of

TBT rats

Furthermore, an assessment of pituitary collagen de-

position was also performed in CON, TBT15D, and

Figure 1. Anatomy and histomorphology of the pituitary in female rats. A, Pituitaries from CON, TBT15D, and TBT30D rats showing a small

increase in the pituitaries of TBT30D rats. Scale bar, 300 mm (n � 5). B, Increased weight of the pituitary in TBT30D rats (n � 5). Representative

sections from (C and C1) CON, (D and D1) TBT15D, and (E and E1) TBT30D pituitaries that were stained with H&E (n � 5). Chromophobe cell:

arrowhead; mitosis, arrow; inflammatory cell, asterisk. F, Increased NAG activity in a pituitary from a TBT30D rat (n � 5). G, Increased MPO activity

in a pituitary from a TBT30D rat (n � 5). Representative mast cells sections from (H and H1) CON, (I and I1) TBT15D, and (J and J1) TBT30D

pituitaries that were stained with Alcian Blue (arrow) (n � 5). K, Increased mast cells in pituitaries from TBT15D and TBT30D rats (n � 5).

Representative collagen-stained sections in (L) CON, (M) TBT15D, and (N) TBT30D pituitaries that were stained with Masson’s TM (n � 5). O,

Increased collagen surface density in pituitaries from TBT15D and TBT30D rats (n � 5). Scale bar, 50 �m. One-way ANOVA, Tukey’s multiple

comparison test; *, P � .05; **, P � .01; **, P � .001 vs CON; #, P � .05 vs TBT15D.
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TBT30D rats using TM staining (Figure 1, L–N). The col-

lagen surface density in both groups of TBT rats was

higher than the density in CON rats (CON: 7.23 	 0.34;

TBT15D: 9.23 	 0.64; TBT30D: 9.37 	 0.62%, n � 5;

P � .05) (Figure 1O). No significant difference in collagen

surface density was observed in the pituitary between

TBT15D and TBT30D rats (P � .05).

Hypothalamic CRH mRNA expression in TBT rats

CRH mRNA was evaluated in samples of hypotha-

lamic tissue from the CON group and both groups of TBT-

treated rats (Figure 2). CRH mRNA was approximately

70%–90% higher in hypothalamic tissue from TBT-

treated rats compared with tissue from CON rats (n � 4,

P � .05) (Figure 2A). No significant differences in hypo-

thalamic CRH mRNA were observed between TBT15D

and TBT30D rats (P � .05).

Hypothalamic iNOS expression in TBT rats

iNOS protein expression was evaluated in the hypo-

thalamus of CON rats and both groups of TBT rats. An

increase in iNOS protein expression was observed in

TBT30D rats compared with CON rats (CON: 1.00 	

0.04; TBT15D: 1.11 	 0.09; TBT30D: 1.28 	 0.07, n �

5; P � .05) (Figure 2B). No significant differences in

hypothalamic iNOS protein expression were detected

between the CON rats and TBT15D rats or between

TBT15D and TBT30D rats (P � .05).

Figure 2. Assessment of hypothalamic CRH and iNOS expression, pituitary ACTH expression, adrenal StAR and CYP11B expression, and plasma

ACTH and corticosterone levels. A, qPCR analysis of CRH mRNA extracted from female rat hypothalamic tissue (n � 4). B, An increase in the

expression of the iNOS protein in the hypothalamus of TBT30D rats was observed (n � 5). C, Reduced ACTH expression in the pituitaries of

TBT15D and TBT30D rats was detected (n � 5). D, Lower plasma ACTH levels were apparent in TBT15D and TBT30D rats (n � 5). E, qPCR analysis

of StAR mRNA extracted from female rat adrenal tissues (n � 4). F, Similar CYP11B expression was observed in the adrenals of TBT15D and TBT30D

rats (n � 5). G, Increased plasma corticosterone levels were observed in TBT15D and TBT30D rats. One-way ANOVA, Tukey’s multiple comparison

test; *, P � .05; **, P � .01; ***, P � .001 vs CON.
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TBT rats displayed low levels of ACTH expression

and basal plasma ACTH

The status of pituitary ACTH expression was deter-

mined using Western blot analysis (Figure 2). ACTH ex-

pression in the pituitary was lower in both TBT15D and

TBT30D rats than in CON rats (CON: 1.03 	 0.03;

TBT15D: 0.84 	 0.06; TBT30D: 0.79 	 0.08, n � 5; P �

.05) (Figure 2C). No significant difference in pituitary

ACTH expression was observed between TBT15D and

TBT30D rats (P � .05). An ELISA was performed, and

plasma ACTH levels were evaluated. A reduction in the

basal plasma ACTH levels was observed in both the

TBT15D and the TBT30D rats compared with the levels

in CON rats (CON: 34.54 	 3.69; TBT15D: 22.10 	

2.96; TBT30D: 14.28 	 1.59 pg/mL, n � 5; P � .01)

(Figure 2D). No significant difference in plasma ACTH

levels was observed between TBT15D and TBT30D rats

(P � .05).

Adrenal StAR mRNA expression in TBT rats

StAR mRNA was evaluated in adrenal cortex tissue

samples from CON and TBT-treated rats. StAR mRNA

in adrenal tissue was higher in both groups of animals

exposed to TBT than in CON rats (n � 4, P � .05)

(Figure 2E). No significant differences in adrenal StAR

mRNA were detected between TBT15D and TBT30D

rats (P � .05).

Similar CYP11B protein expression and increased

basal plasma corticosterone levels in TBT rats

Western blot analysis was performed, and CYP11B pro-

tein expression was evaluated in the adrenals (Figure 2).

No significantly difference in CYP11B protein expression

was observed in the adrenals between TBT rats and CON

rats or between the 2 groups of TBT rats (CON: 1.00 	

0.02; TBT15D: 1.01 	 0.01; TBT30D: 1.04 	 0.04, n �

5; P � .05) (Figure 2F). A RIA was also performed, and

plasma corticosterone levels were evaluated. An increase

in basal plasma corticosterone levels was observed in both

groups of TBT rats compared with the levels in the CON

rats (CON: 285.08 	 23.36; TBT15D: 717.67 	 66.47;

TBT30D: 851.68 	 87.14 ng/mL, n � 5; P � .001) (Figure

2G). No significant difference in plasma corticosterone

levels was observed between TBT15D and TBT30D rats

(P � .05).

Abnormalities in adrenal morphology in TBT rats

To characterize the effects of TBT on the adrenals, their

histology was evaluated using H&E staining (Figure 3).

CON adrenals displayed normal characteristics in the ad-

renal cortex, their adrenal zones and medulla (Figure 3A).

The adrenal cortex in both groups of TBT rats exhibited

morphological abnormalities, such as adrenal cortex hy-

perplasia and mitotic activity (arrow Figure 3, B1, C1).

The cortical area was increased by approximately 15% in

both the TBT15D and TBT30D rats compared with CON

rats (CON: 4.06 	 0.08; TBT15D: 4.67 	 0.11; TBT30D:

4.71 	 0.38 mm2, n � 5; P � .05) (Figure 3D), but no

significant difference was observed in the area of the ad-

renal cortex between TBT30D and TBT15D rats (P �

.05). No significant differences were observed in the ad-

renal medulla area or adrenal weight between the CON

rats and either group of TBT rats (P � .05) (data not

shown).

Inflammation was increased in the adrenals of

TBT rats

Inflammatory cells surrounded the cords of cells in the

zona fasciculate and reticularis (asterisk) (Figure 3, B, B1,

C, and C1). Adrenal NAG activity was higher in TBT30D

rats compared with the levels in CON rats (CON: 0.57 	

0.02; TBT15D: 0.63 	 0.06; TBT30D: 0.81 	 0.07 nmol/

�g, n � 5; P � .05) (Figure 3E). Adrenal NAG activity was

similar between CON and TBT15D rats (P � .05). An

increase in adrenal MOP activity was observed in TBT30d

rats compared with CON rats (CON: 1.06 	 0.09;

TBT15D: 2.56 	 0.74; TBT30D: 3.40 	 0.48 OD/�g, n �

5; P � .01) (Figure 3I). Adrenal MOP activity was similar

between the CON and TBT15D rats (P � .05). No sig-

nificant difference in NAG and MOP activity was ob-

served in the adrenals between TBT15D and TBT30D rats

(P � .05). In addition, intense lipid droplet accumulation

was observed in both groups of TBT rats (Figure 3, B, B1,

C, and C1, arrowhead). Mast cells were identified in the

adrenal cortex in CON, TBT15D, and TBT30D rats (Fig-

ure 3, F–H). However, a large number of mast cells were

observed in the adrenals of both groups of TBT rats (Fig-

ure 4, G1 and H1, arrow). The number of mast cells was

higher in both groups of TBT rats than the number ob-

served in the CON rats (CON: 0.39 	 0.01; TBT15D:

0.49 	 0.02; TBT30D: 0.52 	 0.02 mast cells/mm2, n �

5; P � .05) (Figure 4J). No significant difference in the

number of mast cells was observed between TBT15D and

TBT30D rats (P � .05).

Collagen deposition was higher in adrenals of

TBT rats

In the adrenal cortex of TBT15D (P � .05) and

TBT30D rats (P � .001), there was a higher density of

superficial collagen than observed in the CON rats (CON:

4.60 	 0.52; TBT15D: 6.65 	 0.46; TBT30D: 12.87 	

1.11%, n � 5; P � .05) (Figure 3, K–N). In addition, the

density was also higher in the TBT30D rats than in the

TBT15D rats (P � .001).
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Increased serum cholesterol levels in TBT rats

Cholesterol assays were performed, and serum cho-

lesterol levels were evaluated. Serum cholesterol levels

were higher in TBT30D rats than in CON rats (CON:

48.00 	 1.00; TBT15D: 46.30 	 4.90; TBT30D:

69.30 	 6.30 mg/dL, n � 8; P � .05), and serum cho-

lesterol levels were higher in TBT30D rats than in

TBT15D rats (P � .05).

Lipid deposition, cholesterol levels, and PPAR�

expression were increased in the adrenals of

TBT rats

Lipids droplet accumulation in adrenal cortex was an-

alyzed using Oil Red O staining and TEM (Figure 4). An

increase in lipid droplet accumulation was observed in the

adrenals of TBT rats compared with the adrenals of CON

rats (CON: 4.95 	 0.22; TBT15D: 6.88 	 0.39; TBT30D:

6.73 	 0.36%, n � 5; P � .001) (Figure 4, A, C, E, and G).

Similarly, TEM evaluation revealed an increase in adrenal

lipid droplet accumulation in both groups of TBT-treated

rats (n � 4) (Figure 4, B, D, and F). No significant differ-

ence in adrenal lipid droplet accumulation was observed

between TBT15D and TBT30D rats (P � .05). In addition,

the adrenal cholesterol levels were higher in in TBT30D

rats than in CON rats (CON: 35.58 	 2.27; TBT15D:

57.29 	 7.52; TBT30D: 69.76 	 69.63 mg/dL, n � 8; P �

.05) (Figure 4H). PPAR� is a master regulator of adipocyte

differentiation, and TBT has been shown to induce met-

abolic disruption by modulating PPAR� activity (29, 31).

PPAR� expression in the adrenals was determined using

Western blot analysis. Adrenal PPAR� expression was

higher in both the TBT15D as TBT30D rats than in the

CON rats (CON: 1.00 	 0.03; TBT15D: 1.25 	 0.02;

TBT30D: 1.36 	 0.59, n � 5; P � .01) (Figure 4I). Adrenal

PPAR� expression was similar between TBT15D and

TBT30D rats (P � .05).

O2
� levels in the pituitary and adrenals and

apoptotic markers were more highly expressed in

TBT rats

To analyze the production of O2
� in the pituitary and

adrenals, DHE marking was performed (Figure 5). In the

Figure 3. Histomorphology of the adrenals in CON, TBT15D, and TBT30D rats. Representative H&E-stained sections of adrenals obtained from (A

and A1) CON, (B and B1) TBT15D, and (C and C1) TBT30D rats (n � 5). Mitosis, arrow; inflammatory cell, asterisk; lipid droplet, arrowhead. D, An

increase in the area of the adrenal cortex was observed in both groups of TBT rats (n � 5). E, An increase in NAG activity was observed in the

pituitary in TBT30D rats (n � 5). Representative mast cell sections from (F and F1) CON, (G and G1) TBT15D, and (H and H1) TBT30D pituitaries

stained with Alcian Blue (arrow) (n � 5). I, Increased MPO activity was observed in the pituitaries of TBT30D rats (n � 5). J, Increased mast cells

were observed in the pituitaries of TBT15D and TBT30D rats (n � 5). Representative collagen-stained sections in (K) CON, (L) TBT15D, and (M)

TBT30D pituitaries stained with Masson’s TM (n � 5). N, Increased collagen surface density was observed in the pituitaries of TBT15D and TBT30D

rats (n � 5). Scale bar, 50 �m. One-way ANOVA, Tukey’s multiple comparison test; *, P � .05; **, P � .01; ***, P � .001 vs CON; ###, P � .001

vs TBT15D.
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pituitary, we detected an increase in

O2
� levels in both TBT15dand

TBT30d rats compared with the

CON rats (CON: 8.95 	 0.56;

TBT15D: 15.54 	 1.14; TBT30D:

12.83 	 0.63, n � 5; P � .001) (Fig-

ure 5, A, C, E, and G). No significant

difference in O2
� levels was observed

in the pituitary between TBT15D

and TBT30D rats (P � .05). In ad-

dition, the expression of the pituitary

caspase-3 protein was determined.

Pituitary caspase-3 expression was

higher in both groups of TBT rats

than in the CON rats (CON: 1.00 	

0.04; TBT15D: 1.22 	 0.04;

TBT30D: 1.35 	 0.09, n � 5; P �

.05) (Figure 5I). The adrenal cortex

O2
� production was higher in both

groups of TBT rats than in the CON

rats (CON: 0.09 	 0.01; TBT15D:

0.23 	 0.01; TBT30D: 0.38 	 0.01,

n � 5; P � .001) (Figure 5, B, D, F,

and H). A raise in adrenal O2
� pro-

duction was also observed in

TBT30d rats compared with

TBT15d rats (P � .05). In addition,

adrenal caspase-3 expression was

higher inbothgroupsofTBTrats than

in the CON rats (CON: 1.02 	 0.02;

TBT15D: 1.34 	 0.11; TBT30D:

1.51 	 0.23, n � 5; P � .05) (Figure

5J). Caspase-3 expression in the pitu-

itary and adrenals was similar be-

tween TBT15D and TBT30D rats

(P � .05).

Restraint stress assessment in

TBT rats

The 30-minute restraint stress

was associated with a significant in-

crease in the plasma levels of ACTH

in all groups, which returned to base-

line 30 minutes after the termination

of stress (Figure 6). Restraint stress

evoked a significantly higher re-

sponse in both groups of TBT rats

compared with the CON rats, which

was evident 30 minutes after initia-

tion of restraint stress (CON:

66.16 	 11.41; TBT15D: 141.33 	

25.66; TBT30D: 116.50 	 10.50,

Figure 4. Assessment of lipid droplet accumulation and Western blot analysis for the PPAR� protein

in the adrenals of CON, TBT15D, and TBT30D rats. Representative lipid droplet-stained sections of

adrenals were obtained from (A) CON, (C) TBT15D, and (E) TBT30D rats using Oil Red O (n � 5). G,

Higher lipid droplet accumulation was observed in the adrenals of TBT15D and TBT30D rats (n � 5).

B, TEM demonstrating the normal zona fasciculada (ZF) of the adrenal cortex in CON rats. D and F,

Abnormal lipid droplet accumulation in the ZF of the adrenal cortex in TBT15D and TBT30D rats (n �

4). H, Elevated cholesterol levels were observed in the adrenals in TBT rats (n � 8). I, Analysis of the

expression of the PPAR� protein in the adrenals of TBT15D and TBT30D rats (n � 5). Scale bars, 200

�m (A, C, and E) and 2 �m (B, D, and F). Nu, nucleus; L, lipid droplet. One-way ANOVA, Tukey’s

multiple comparison test; **, P � .01; ***, P � .001 vs CON.
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n � 5; P � .01) (Figure 6A). Hypo-

thalamic CRH mRNA was evalu-

ated in the CON rats and both

groups of TBT rats submitted to 30

minutes of restraint stress. CRH

mRNA was approximately 40%–

70% higher in samples of hypotha-

lamic tissue from both groups of

TBT-treated rats compared with

CON rats (n � 4, P � .05) (Figure

6B). No significant differences in hy-

pothalamic CRH mRNA were ob-

served in TBT15D and TBT30D rats

(P � .05).

Glucocorticoid negative

feedback in TBT rats

The plasma ACTH levels in ADX

CON rats were significantly higher

than those in intact CON rats (ADX

CON: 106.67 	 8.81 ng/mL, n � 4

vs intact CON: 34.54 	 3.69 pg/mL,

n � 5; P � .001) (Figure 6C). The

plasma ACTH levels in both groups

of ADX TBT rats were significantly

higher than those in both intact TBT

rats (ADX TBT15D: 160.50 	 4.91

ng/mL, n � 4 vs intact TBT15D:

22.10 	 2.96; ADX TBT30D: 69.40 	

7.70 pg/mL, n � 4 vs intact TBT30D:

14.28 	 1.59 ng/mL, n � 5; P �

.001) (Figure 6C). Interestingly, the

plasma ACTH levels in the ADX

TBT15D group were approximately

50% higher than the ACTH levels in

ADX CON rats (P � .001). The

plasma ACTH levels were reduced

by approximately 30% in ADX

TBT30D rats compared with ADX

CON rats (P � .001). Additionally,

the plasma ACTH levels were ap-

proximately 50% lower in ADX

TBT30D rats than they were in ADX

TBT15D rats (P � .001), possibly

due to the impairment of negative

feedback by glucocorticoids in TBT

treated female rats. Hypothalamic

CRH mRNA was evaluated in intact

and ADX CON and both groups

of TBT rats. Hypothalamic CRH

mRNA expression in ADX CON rats

was significantly higher than CRH

Figure 5. In situ detection of superoxide anion �O2
� � production and Western blot analysis of

caspase-3 protein expression in the pituitaries and adrenals of CON, TBT15D, and TBT30D rats.

Fluorescence micrographs stained with the O2
� -sensitive dye DHE (red fluorescence) were obtained

from (A) CON, (C) TBT15D, and (E) TBT30Dpituitaries and from (B) CON, (D) TBT15d, and (F) TBT30D

adrenal glands (n � 5). G, Increased production of O2
� level was observed in the pituitaries of

TBT15D and TBT30D rats (n � 5). H, Increased production of O2
� level was observed in the adrenal

cortex in TBT15D and TBT30D rats (n � 5). I, Analysis of Casp-3 protein expression levels in the

pituitary gland in TBT15D and TBT30D rats (n � 5). J, Analysis of Casp-3 protein expression levels in

adrenals in TBT15D and TBT30D rats (n � 5). Pituitary, anterior pituitary; N, neurohypophysis; Casp-3,

caspase-3. Scale bar, 400 �m. One-way ANOVA, Dunn’s multiple comparison test; *, P � .05;

**, P � .01; ***, P � .001 vs CON; ###, P � .001 vs TBT15D.
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mRNA expression in intact CON rats (P � .05) (Figure

6D). However, both ADX TBT15D and TBT30D rats

exhibited a similar increase in CRH mRNA levels when com-

pared with the respective intact groups (P � .05, n � 4). CRH

mRNA levels were not significantly different among ADX

CON, TBT15D, and TBT30D rats (P � .05).

Discussion

In this study, we provide evidence showing that TBT dis-

rupts the morphophysiology of the HPA axis in female

rats, leading to an increased in CRH mRNA expression,

decreased in ACTH release and increased in corticoste-

rone levels. This hormonal dissociation could be associ-

ated with inflammation and iNOS expression in the hy-

pothalamus. In addition, an increase in inflammation,

OSs, apoptosis, and collagen deposition in the pituitary

and adrenal glands were observed in TBT rats.

Previous studies have reported that OTs play a direct

role in the improper functioning of the HPA axis (Table 1)

(36, 37, 54–57). Wester et al (36) reported that exposure

to bis (trin-butyltin) oxide (TBTO) at 50 mg/kg for 106

weeks increased pituitary weight in

female rats. Our results agree with

these previous findings. We observed

a small increase in the size of the pi-

tuitary and an increase in pituitary

weight in the TBT30d rats. Krajnc et

al (55) surprisingly found no change

in rat pituitary weight after exposure

to 80 mg/kg of TBTO for 28 days,

which is in contrast to the results in

our model. This exposure may not

result in stimulation of the pituitary-

adrenal axis (55). Inflammation af-

fects various steps of pituitary hor-

monal regulation (58, 59). In our

study, the TBT rats displayed distinct

evidence of pituitary inflammation. A

common feature of mammalian hy-

pophysitis is the presence of different

inflammatory cells, such as macro-

phages (60, 61). In our study, the

TBT30D pituitary exhibited higher

NAG and MPO activity, suggesting a

role for macrophages and neutrophils

in the inflammatory process. Mast

cells are also part of immune re-

sponses, and they are involved in non-

specific inflammatory disorders and

tissue remodeling (62, 63). In our

study, the pituitaries of both groups of

TBT rats showed an increase in mast cell numbers. Vidal et

al (60) described a significant role for mast cells in human

adenohypophysitis. Furthermore, studies related that abnor-

mal collagen deposition was triggered in pituitary histo-

pathologies, such as adenohypophysitis (64, 65). Similarly,

Rotondo et al (61) reported the accumulation of collagen in

a rat adenohypophysitis model. Our results agree with these

previous findings in that they show an increase in collagen

deposition in the pituitary in both groups of TBT rats. Thus,

an increase in inflammation and collagen deposition in the

pituitary of TBT rats could be associated with the

dysfunction.

From previous studies, we learned that CRH and

ACTH play critical roles in the proper function of the HPA

axis (66, 67). Studies have shown that xenobiotics could

be modulating the HPA axis (56, 68). Chen et al (69)

reported an increase in CRH expression and ACTH levels

in the male offspring of pregnant rats that had been ex-

posed to bisphenol A (2 �g/kg) from gestation day 10 to

lactation day 7. In contrast, Pereiro et al (44) reported a

down-regulation of HPA axis components in rats treated

with 0.5, 1.0, 3.0, and 6.0 mg of perfluorooctane sulfonate

Figure 6. Restraint stress and assessment of glucocorticoid negative feedback in CON, TBT15D,

and TBT30D rats. A, Plasma ACTH levels in CON, TBT15D, and TBT30D30d rats before (0 min

[n � 5], 15 min [n � 5], and 30 min [n � 5]) and after 30 minutes of restraint stress (n � 5). B,

qPCR analysis of CRH mRNA extracted from hypothalamic tissue in female rats submitted to 30

minutes of restraint stress (n � 4). C, Plasma ACTH levels in intact CON, TBT15D, and TBT30D

rats compared with ADX CON, ADX TBT15D, and ADX TBT30D rats, respectively (n � 4). D,

Hypothalamic CRH mRNA from intact CON, TBT15D, and TBT30D rats compared with ADX CON,

ADX TBT15D, and ADX TBT30D rats, respectively (n � 4). One- and two-way ANOVA, Tukey’s

multiple comparison test, n � 4–5; **, P � .01; ***, P � .001 vs CON.
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per kg/d for 28 days. Funahashi et al (54) reported that

TBTO reduced the amount of ACTH-immunohistochem-

ical-positive staining in corticotrophs and increased serum

corticosterone levels in rats. In addition, the HPA axis

activity could be influenced by inflammatory signals (63,

70). In many patients with severe inflammation, low

plasma ACTH levels and normal or elevated cortisol levels

are observed in the early period following admission to an

intensive care station (71). It has been proposed that in-

creased levels of proinflammatory mediators, such as

TNF� and IL-1�, can directly impair the CRH-stimulated

release of ACTH (72). Interferon-� caused the dose-de-

pendent inhibition of corticotropin-releasing factor-stim-

ulated ACTH secretion in rat pituitary cells (73). Polito et

al (74) described a reduction in ACTH expression and an

increase in CRH and iNOS expression in the hypothala-

mus of a rat sepsis model. Our study is in agreement with

these previous findings, revealing that both groups of

TBT-treated rats displayed an increase in hypothalamic

CRH and iNOS expression, a reduction in ACTH expres-

sion and plasma ACTH levels and an increase in plasma

corticosterone levels. Another study reported that nitric

oxide stimulated CRH expression and suppressed the

stimulatory effects of vasopressin on ACTH secretion in a

rat sepsis model (75). The CRH neurons are found mainly

in the hypothalamic PVN nucleus (4–5). However, CRH

expression is present in other brain regions including lim-

bic, the nucleus of the stria terminalis, the central nucleus

of the amygdala, etc (76). CRH at these sites plays an

important role in response to stress, as shown in the central

amygdaloid nucleus in rat submitted to stress (77, 78).

Thus, an increase in inflammation and iNOS protein ex-

pression in TBT rats could be associated with the impair-

ment of CRH-stimulated ACTH release, leading to hor-

monal dissociation. Other factors, as a repeated exposure

to the same stressor could be associated with hormonal

dissociation, and it is possible the CRH mRNA does not

reflect portal vein CRH levels (Figure 7) (71, 79). How-

ever, other studies have suggested that decreased ACTH

secretion may be the result of a negative regulatory effect

induced by chronically elevated glucocorticoid levels, as

has been observed in patients with systemic inflammation

(80–82) and our data. Thus, the adrenal inflammation

could be associated with an increase in corticosterone lev-

els and a reduction in ACTH levels in TBT rats.

A restraint stress test was performed to evaluate hypo-

thalamic and pituitary function in CON rats and both

groups of TBT-treated rats. Similar to the findings of Stin-

nett et al (83) and Felszeghy et al (52), we observed that

restraint stress was associated with an increase in CRH

expression and plasma ACTH levels in all rats analyzed.

However, both groups of TBT rats exhibited elevated

CRH expression and increased ACTH levels in response to

stress within 30 minutes, thus demonstrating that HPA

Table 1. Summary of Changes to the HPA Axis Induced by OTs

HPA Axis Parameter

Animal-Model/OTs/Dose

Rat/TBTO

(100–1560

mg/kg)

Rat/TBTO

(20–80

mg/kg)

Rat/TBTO

(50 mg/kg)

Bovine Adrenal

Cells/TBT (3.52–3520

� 10�4 mg/L)

Mice/TMT

(3 mg/kg)

Zebrafish/TBT

(105.6–1760

� 10�4 mg/L)

Rat/TBT

(10�4 mg/kg)

Time of exposure Chronic Chronic Chronic Acute Acute Acute Sub/chronic
Pituitary

Organ weight NR 7 1 NA NR NR 1
Morphology Impaired NR NR NA NR NR Impaired
Inflammation process NR NR NR NA NR NR 1
Collagen deposition NR NR NR NA NR NR 1
OS development NR NR NR NA NR NR 1
Apoptosis marker NR NR NR NA NR NR 1
ACTH expression 2 7 NR NA NR NR 2

Adrenal
Morphology Impaired 7 Impaired NR NR NR Impaired
Inflammation process NR NR NR NA NR NR 1
Collagen deposition NR NR NR NR NR NR 1
OS development NR NR NR NR NR NR 1
Apoptosis marker NR NR NR NR NR NR 1
Lipids droplets accumulation/

PPAR� expression

1/NR NR NR NR NR NR 1/1

Glucocorticoids signaling NR NR NR 7/2 NR 7/2 Impaired
HPA axis

ACTH levels NR NR NR NA NR NR 2
Corticosteroids levels 1 7 NR 7/2 1 NR 1
Corticosteroid CON feed back NR NR NR NA NR NR NR
HPA function 2 7 NR NA NR NR 2
Reference Funahashi et al 54 Krajnc et al 55 Wester et al 36 Yamazaki et al 36 Morita et al 56 Weger et al 57 This study

Summary of HPA axis changes induced by OTs. TMT, trimethyltin;1, increased;2, decreased;7, unchanged or similar to CON; NR, not
reported; NA, not applicable.
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activity was abnormal. In addition, Dhabhar et al (84)

suggested that a repeated and chronic exposure to the

same stressor can result in habituation of the HPA axis

response, characterized by a decreasing the HPA axis re-

sponse over time, as shown apparently in TBT30D rats.

To determine the role of glucocorticoid negative feed-

back on HPA axis activity in TBT rats, ADX was per-

formed in animals from both groups. Both groups of TBT

rats responded with an exaggerated increase in plasma

ACTH levels and no change in CRH expression. These

results were apparent in both groups of TBT-treated ADX

rats. The effects of EDCs on TBT may involve complex

alterations of different components of the rat HPA axis, as

previously demonstrated by Xia et al (43) using the per-

fluorooctane sulfonate exposure. In addition, the abnor-

mal HPA axis function in TBT-treated ADX rats may in-

volve other factors could be associated a hormonal

dissociation, as metabolic disease and inflammation (71,

85), as result of TBT exposure (29, 31). Similarly, the

habituation of the HPA axis could be associated a decreas-

ing the HPA axis response in the

TBT30D rats. These data suggest an

abnormal central glucocorticoid

negative feedback on ACTH

secretion.

In addition, TBT impaired ste-

roidogenesis in both in vivo and in

vitro models (28, 38, 86). Yamazaki

et al (37) reported a reduction in

P450c21 and P45011� mRNA expres-

sion levels in adrenal bovine cells

that were treated with TBT for 48

hours (10nM and 100nM). How-

ever, the same study reported no sig-

nificant difference in adrenal StAR,

P450scc and P4503�-HSD mRNA ex-

pression levels. Mitra et al (87) de-

scribed an increase in StAR expres-

sion in rat Leydig cells exposed to

TBT 600nM for 1 hour. Our results

demonstrated an increase in adrenal

StAR expression in both groups of

TBT-treated rats and no significant

difference in adrenal CYP11B expres-

sion in all groups. In previous stud-

ies, we reported that the major reg-

ulatory step of steroidogenesis is

cholesterol transport to the mito-

chondrial inner membrane, which is

stimulated by the StAR (88). How-

ever, the control of StAR expression

is complex and involves several

steps, both transcriptionally and posttranscriptionally

(89). Thus, the effects of steroidogenesis in the adrenal

cortex of TBT rats could involve abnormal StAR

expression.

The adrenals are a common target organ between stress

and xenobiotic exposure models (14, 15, 90).

Milovanović et al (91) reported that a single instance of

exposure to ethanol at 4 g/kg raised the diameter of ad-

renal cortex in female rats. Similarly, in our study, both

TBT15d and TBT30d rats displayed an increase in the area

of the adrenal cortex. Thus, exposure to TBT leads to

adrenal cortex hypertrophy and could be associated with

adrenal dysfunction. Several immuno-endocrine interac-

tions have been described in adrenal immune cells such as

macrophage and mast cell activation (92–94). During sys-

temic inflammation, immune cells play relevant role in

adrenal function (95, 96). Kanczkowski et al (80), using an

lipopolysaccharide mouse model, demonstrated that the

rapid infiltration of neutrophils into the adrenals was in-

duced by increased MPO activity. In our study, the TBT30d

Figure 7. A model of the potential mechanism of modulation of the HPA axis by TBT. TBT leads

to morphophysiological abnormalities (red line) such as: 1) TBT leads to inflammation that

stimulates hypothalamic CRH mRNA and iNOS protein expression. 2) The hypothalamic iNOS

protein expression could be associated with the impairment of CRH-stimulated ACTH release. 3)

A decreased ACTH secretion may also be the result of a negative regulatory effect induced by

elevated corticosterone levels. 4) TBT leads to inflammation that stimulates pituitary and adrenal

OS, apoptosis, and collagen deposition. 5) And TBT increased the stress and CRH mRNA

expression in the hypothalamus of female rats.
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adrenals showed higher NAG and MPO activity, suggest-

ing a role for macrophages and neutrophils in adrenal

inflammation. In addition, Kim et al (97) described a role

for mast cells in adrenal hyperplasia in numerous mouse

strains, including BALB/c and C57BL/6 mice. In our study,

the adrenals of both groups of TBT rats showed a higher

number of mast cells, suggesting that mast cells also play

a role in adrenal inflammation. Among other abnormal-

ities, TBT has been reported to induce cellular damage that

can be replaced by fibrous tissue (38, 39, 41). In agreement

with these previous findings, both groups of TBT rats dis-

played an increase in collagen deposition in the adrenal

cortex in a time-dependent manner. Reed et al (98) re-

ported that adrenal fibrosis was associated with adrenal

inflammation in a 55-year-old man. Thus, the adrenal ab-

normalities observed in both groups of TBT rats could be

associated with the direct toxic effects of TBT.

In a previous study in our laboratory (31), TBT15D rats

exhibited no change in serum cholesterol levels. However,

in the TBT30D rats of this study, higher serum and adrenal

cholesterol levels were observed. Similar our data, Xia et

al (43) observed a reduction in serum ACTH levels and an

increase in serum cholesterol levels in the offspring of preg-

nant rats that were exposed to 4-g ethanol per kg/d for 10

days. A constant supply of cholesterol is known to be

required in adrenal steroidogenesis modulated by StAR

function (88, 99, 100). Lipid accumulation in cholesterol-

laden lipoid structures in the adrenal cortex zones also

occurs during other abnormal states associated with de-

creased cholesterol utilization, such as chronic treatment

with the inhibitor of P450scc or abnormal StAR function

(101–104). Our data demonstrated an abnormal pattern

of StAR expression in the adrenal cortex of TBT rats.

In addition, TBT exposure results in various degrees of

adiposity and induces metabolic disorders by modulating

PPAR� activity (29, 105–110). In agreement with these

previous findings, both groups of TBT rats displayed dis-

tinct evidence of an increase in lipid droplet accumulation

and PPAR� protein expression levels in the adrenal cortex.

In a previous study, we reported an increase in lipid drop-

let accumulation and PPAR� protein expression in the

liver in TBT15D rats (31). The accumulation of adrenal

lipid droplets is associated with an early steroidogenic

pathway blockade and/or abnormal StAR functioning

(83, 104). However, it is possible that TBT affects adre-

nocortical function, leading to abnormal StAR or other

steroidogenic enzyme function. The ACTH-independent

production of corticosterone or TBT may involve PPAR�

signaling pathways and other nuclear receptors, as shown

in other EDC effects of TBT (31, 107). The dramatic na-

ture of these findings is therefore not fully understood.

Several studies have reported that imbalances in OS

levels lead to the dysfunctions (111–113). TBT up-regu-

lates the cell redox balance in brain areas, such as the

hypothalamus, resulting in an increase in the reactive ox-

ygen species and cellular damage (30, 114). Annabi et al

(115) reported that imidacloprid insecticide, applied at 40

mg/kg for 28 days, increased malondialdehyde levels in the

Table 2. Antibody Table

Peptide/Protein

Target

Antigen Sequence

(if Known) Name of Antibody

Manufacturer, Catalog

Number, and/or Name

of Individual Providing

the Antibody

Species Raised in;

Monoclonal or

Polyclonal

Dilution

Used Reference

Caspase-3 1–277 of the

procaspase-3 of

human

Caspase-3 antibody (H-277) Santa Cruz Biotechnology,

Inc, sc-7148

Rabbit 1:500 124

Anti-ACTH (1–24) ACTH Chemicon International,

AB-902

Rabbit; polyclonal 1:800 125

�-Actin �-Actin antibody (R-22) Santa Cruz Biotechnology,

Inc, sc-130657

Rabbit; polyclonal 1:1000 31

PPARg Specific for an epitope

mapping between

amino acids 480

and 505 at the C

terminus of PPAR�

of human origin

PPAR� antibody (E-8) Santa Cruz Biotechnology,

Inc, sc-7273

Mouse; monoclonal 1:500 126

CYP11B1/2 204–503 (deletion

401–466)

CYP11B1/2 (H-300) Santa Cruz Biotechnology,

Inc, sc-28205

Rabbit; polyclonal 1:500 127

iNOS Mouse iNOS aa. 961–

1144

Purified mouse antimouse

iNOS/NOS type II

BD Transduction

Laboratories-610328

Mouse; monoclonal 1:1500 128

GAPDH 1–335 GAPDH (FL-335) Santa Cruz Biotechnology,

Inc, sc-25778

Rabbit; polyclonal 1:1000 129

Rabbit immunoglobulin

IgG

Purified rabbit IgG as

the immunogen

Goat antirabbit IgG-alkaline

phosphatase conjugate

Sigma-Aldrich, A-3687 Rabbit; polyclonal 1:1000 31

Mouse

immunoglobulin IgG

Purified mouse IgG Goat antimouse IgG-

alkaline phosphatase

conjugate

Sigma-Aldrich, A-3562 Mouse; polyclonal 1:1000 31
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rat hypothalamus and pituitary. Our results agree with

these previous findings by showing higher OS levels in the

pituitary and adrenals in both groups of TBT rats. Kaida

et al (116) and Brown et al (117) reported that activation

of mast cells and neutrophils leads to OS in rat adrenal

tissue and other tissues. Our results demonstrate that mast

cells and neutrophils are active in both the pituitary and

the adrenal gland. Several studies have reported that ele-

vated reactive oxygen species activity has been associated

with apoptosis and caspase pathway activation, which can

lead to alterations in cellular functioning (118–120). Sev-

eral studies have reported that TBT induced apoptosis in

different cell models, such as rat thymocytes, human T

cells, and Jurkat cells (27, 121–123). Our results agree

with these previous findings by showing higher caspase-3

protein expression in the pituitary and adrenals in both

groups of TBT rats.

In conclusion, our female rat model demonstrates that

abnormal HPA axis function is attributable to the disrup-

tive effects of TBT on the HPA axis. TBT induced a dis-

sociation between CRH, ACTH, and corticosterone hor-

mones, that could be associated an inflammation and

increased of iNOS expression in hypothalamus. Further-

more, the inflammation, OS, apoptosis, and fibrosis were

observed in pituitary and adrenal glands of TBT rats. This

work increases our understanding of the toxic effects of

TBT at different levels on the HPA axis.
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